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In this thesis the design of the major components of a high 
pressure intensifier is presented. The machine is a high pressure 
fluid intensifier v1hich can develop an intermittent water jet of 
.01112 inches in diameter at a pressure of 100,000 psi and a flow rate 
of .9508 gpm. This machine can be used to study the capabilities of 
high pressure water jets to cut high compressive strength rocks. 
The primary machine elements of the intensifier system are the 
source, charging system, valve system, nozzle, and the intensifier. 
The source will be a Kobe Triplex Pump having a variable output vJith a 
maximum of 10,000 psi water and soluble oil mixture at a flow rate of 
11.5 gpm. The charging system will be a Burks Series CT Turbine Type 
Pump with an output of 5 gpm at a pressure of 150 psi. The valve 
system will consist of three 4 gpm capacity solenoid operated valves 
manifolded together operating on 115 vac voltage. The nozzle with a 
diameter of .01112 inches causes enough restriction to a flow rate of 
.9508 gpm to produce a pressure of 100,000 psi. The intensifier is a 
single reciprocating piston arrangement with a piston area amplification 
ratio of 12:1. 
With a variable intensifier source the output of the intensifier 
is also variable. Further pressure variation can be achieved by a 
change of nozzle diameter. 
The intensifier will be cycled by two externally mounted micro-
switches that actuate the valve system when tripped by a plate bolted 
to the recipr~cating piston cylinder. The distance between the micro-
switches can be adjusted, changing the intensifier length of stroke 
iii 
and therefore the cycles per minute of the intensifier. With the 
microswitch roller contacts 0.5 inches apart the cycling rate is at a 
maximum of 74.0 cpm. The cycling rate is a minimum of 5.68 cpm with 
the microswitch roller contacts 6.5 inches apart. 
The intensifier has a total length of 74.0 inches from the nozzle 
gland valve to the end of the input tube at full return position. The 
intensifier will be mounted on a concrete pad and secured by plates 
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In recent years water jet cutting has become more attractive for 
use in mining applications as solutions to safety hazards and methods 
yielding more efficient energy consumption are sought. In conventional 
methods of mining coal, dust explosions coupled with the risk of 
pneumoconiosis lung disease, are an ever present hazard to the miner. 
A solution to the problem is to achieve an atmosphere in the mine that 
will not sustain an explosion or cause lung disease. One method of 
obtaining this type of atmosphere is by suppressing the dust by 
spraying critical areas such as machine operating and transfer points 
with water. (l) Another method of improving the mine air is by 
increasing the size of the coal removed from the working face( 2) and, 
therefore, creating lesser amounts of dust. Both of these methods are 
costly due to design changes required on current mining machinery. 
The water jet used as a method of mining coal has the inherent 
advantage of creating minimal dust with an atmosphere that is not 
conducive to explosion.( 3) There are coal mines in Poland, Russia, 
one in the United States,( 14 ) and one in Canada operating with 
mining machinery which uses water jets. 
As water jet technology has advanced, the pressure output of the 
water jet machines has increased and new applications in the mining 
of harder rocks have been considered. Pressures of at least 150,000 
psi can now be generated safely and conveniently with relatively 
simple and somewhat inexpensive equipment.( 4) One application of 
jets in hard rock tunnelling is to cut a deep slot outlining the 
2 
periphery of a tunnel. In conventional tunnelling detonation of the 
blasting round initiates cracking in an area of rock approximately the 
size of the tunnel dimensions. A machine can then excavate the 
loosened rock. The rock outlining the tunnel's periphery is usually 
~ 
damaged from the shock wave of the explosion and for safety must be 
removed or reinforced. The tunnel periphery itself is left jagged 
and must often be filled to shape with concrete. Both these 
operations are expensive and time consuming. A deep slot around the 
profile of the tunnel will inhibit the coupling of the blasting 
shock to the surrounding rock and accordingly the damage will be 
greatly reduced. With the energy being confined within the tunnel 
area, better breakage of rock results and less time will be needed 
to excavate the rock. Also, the tunnel wall will be relatively 
smooth from the water jet cut and concreting can be reduced to a 
minimum. The energy dissipated beyond the tunnel periphery will be 
small, :l and the rock will be stronger and will not need to be 
reinforced to the same degree. To investigate the cutting of deep 
slots in hard rock it has been suggested( 1S) that a water jet of 
100,000 psi will be required. This 100,000 psi pressure can be 
achieved by amplifying an already existent source output with an 
intensifier. Because existing machines can be used to cut hard rock 
the cost of a water jet unit becomes a major concern. 
The objective herein is to investigate the cost of existing and 
available high pressure fluid intensifiers and to compare these 
prices with the cost of designing and fabricating an intensifier. 
The companies contacted and the prices of their. high pressure 
systems are (1) Autoclave Engineers, Incorporated -- a double-acting 
hydraulic pump having an output of 100,000 psi, 1 gpm for approxi-
mately $25,000.00; (2) Harwood Engineering Company, Incorporated --
pumping system consisting of a feed unit, a drive unit, and a high 
pressure unit all mounted on a single frame with a separate control 
panel having an output of 100,000 psi, 1.24 gpm for a cost of 
$52,415.00. 
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All companies were contacted with regard to using the Kobe Triplex 
Pump presently being used at the University of Missouri-Rolla as a 
source. In all cases this was not feasible and estimates were given on 
complete systems. The design of an intensifier using the Kobe Pump as 
a source was undertaken in order to compare costs with the manufactured 
systems. The resulting design is the primary subject of this report. 
A. Design Criteria 
The criteria . of major interest in this study are cost and safety. 
The early stages of this investigation showed that the simplest 
practical system would be a single-acting hydraulically driven pump. 
The intensifier shown in Fig. A.1 has two main parts -- the low pressure, 
reciprocating cylinder and the high pressure cylinder. The low pressure 
piston reciprocates on the stationary high pressure piston giving an 
external, electronic method of cycling the intensifier. 
The hydraulic drive makes possible a symmetrical construction that 
minimizes stress concentrations that become critical at high pressure. 
Since the high pressure heads of the intensifier are cylindrical and 
relatively free of geometrical discontinuities, the only stress 
remaining to cause concern is that developed in thick, hollow cylinders 
subjected to internal pressure. This stress system is classic in 
the theory of elasticity, and considerable information has been 
published concerning various solutions.(S) 
B. Description of Operation (See Fig. A.1) 
When low pressure (10,000 psi) is applied to the return side of 
the piston head (No. 29, Fig. A.1) after the left microswitch 
(No. 33, Fig. A.1) has been contacted and the directional valve 
(Fig. A.37) has been reversed, the water and soluble oil mixture put 
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on the compression side by the previous return stroke will be 
exhausted at atmospheric pressure through the directional solenoid 
valve to the reservoir (Fig. A.37). At the end of the delivery stroke 
the right microswitch will be contacted and the directional valve 
reverses the low pressure flow to the compression side of the piston 
head, exhausting the fluid on the return side to the reservoir at 
atmospheric pressure. During the return stroke, the high pressure 
discharge check valve, nozzle gland ball check valve, will be 
closed and fluid at charging pump pressure (150 psi) will fill the 
high pressure cavity through the cavity gland ball check valve 
readying it for the next delivery stroke. This type of operation 
y~elds an intermittent flow water jet. 
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CHAPTER II 
FUNCTION AND DESIGN CONSIDERATIONS 
The manufactured items that make up part of the intensifier system 
are chosen for safety of operation, long life, and low cost estimate. 
The intensifier has been designed with as larqe a factor of safety as 
possible while using material efficiently. 
The design of the intensifier includes machining tolerances and 
it will be helpful if these fits are defined. The letters RC designate 
a runninq or sliding fit that is intended tb provide a similar operating 
performance, with suitable lubrication allowance, throughout the range 
of sizes. The RC4 fit used in this study provides for a close running 
fit intended for accurate machinery with moderate surface speeds and 
journal pressures. Locational clearance fits designated by the letters 
LC are intended for parts which are normally stationary, but which can 
be freely assembled or disassembled. They vary from snug fits to 
medium clearance fits. The LC2 fit used in this study is a very 
accurate clearance fit. In order to insure an accurate fit the matinq 
surfaces of the mating parts will be ground or reamed. The fits 
between mating surfaces are summarized in Table I. 
The materials used in the intensifier were chosen with safety, 
wear resistance, and efficient use of material in mind. Table II is 
a reference list of the metals used and their mechanical properties. 
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TABLE I 
TOLERANCING BETWEEN MATING PARTS 
HATING PARTS* FIT 
POPPET AND GLAND VALVE RC4 
POPPET AND GLAND RC4 
PLUNGER AND PISTON CYLINDER RC4 
PLUNGER AND TOP PLATE LC2 
PLUNGER AND PLUNGER JAM NUT LC2 
BOTTOM PLATE AND OUTER CYLINDER LC2 
INNER PLATE AND OUTER CYLINDER LC2 
BOTI0t·1 PLATE AND INPUT TUBE RC4 
INNER PLATE AND PISTON CYLINDER RC4 
I 
PLU·NGER AND PLUNGER HYDRAULIC SEAL 
R'ETAINER PLATE RC4 
PISTON CYLINDER AND PLUNGER LC2 HYDRAULIC SEAL RETAINER PLATE 
INNER PLATE AND PISTON CYLINDER LC2 HYDRAULIC SEAL RETAINER 
PISTON CYLINDER AND PISTON CYLINDER RC4 HYDRAULIC SEAL RETAINER 
BOTTOM PLATE AND INPUT TUBE GLAND LC2 
PISTON HEAD AND OUTER CYLINDER RC4 
INPUT TUBE AND INPUT TUBE GLAND RC4 
*see Fig. A.l 
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TABLE II 
INTENSIFIER METALS AND THEIR MECHANICAL PROPERTIES 
METAL HARDNESS 
AISI NUt~BER TENSILE YIELD t-1ACHINABIL ITY 
UNLESS STATED STRENGTH STRENGTH BRHJELL ROCKWELL RATING 
psi psi (81112=100) 
E4340 
COLD FINISHED 111,000 99,000 223 C19 55 
ANNEALED 
440C S.S. 






102,000 90,000 223 C19 66 
-E4340 .. COLD 
FINISHED 182,000 162,000 363 C39 ... 
HEAT TREATED 
1025 D.O.t·1. 80,000 70,000 143 879 65 
4140 DIRECT 
HARDENING 95,000 60,500 197 NA tJA 
ANNEALED 
4142-H 
ANNEALED 100,000 70,000 197 NA NA 
ALLOY TUBING 
4140 HOT 
ROLLED 89,000 62,000 187 B91 57 
ANNEALED 




165,000 120,000 327 C35 NA 
VASCQt,1AX 
350 cvm 360,000 353,000 634 C59 ... 
HEAT TREATED 
NA* - Information not available 
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A. Intensifier Components 
1. Nozzle Gland Jam Nut (No. 2, Fig . A.1) 
The nozzle gland jam nut has the function of locking securely in 
\ 
position the nozzle gla~d on the output end of the plunger. Care 
I 
must be taken to tighte~ the nozzle gland on the plunger with a 
I 
minimum torque of 381 f t -lbf prior to tightening the jam nut to a 
torque of 100 ft-lbf. A small flange on the jam nut insures even 
pressure distribution upon locking. 
2. Nozzle Gland Valve (No. 3, Fig. A.1) 
The function of the nozzle gland valve is to house the spring, 
poppet, and ball bearing assembly of the nozzle gland. 
The 0-ring groove was designed to meet the manufacturer•s speci-
fications. The manufacturer of the required Toruseal 0-Rings is 
Magnatech, Division of the DSD Company. Their product was found to be 
more economical and more apt to sustain the high pressure requirements 
than other seals investigated. From their Catalog No. T-4 the groove 
dimensions are calculated as follows 
T 2 M OD -.000 . GOD = TOD + T + C = G __ 003 1n. (2.1) 
G I D = TOD - .2 • 2 TD - 2 MC = G I D (rna x) i n . (2.2) 
GD is calculated from a table in the Magnatech catalog where 
GOD = Groove outside diameter, in. 
TOD = Nominal Toruseal outside diameter, in. 
TT = Toruseal tolerance (standard .005 in.), in. 
MC = Maximum coating, in. 
GID = Groove inside diameter, in. 
TD = Tubing diameter, in. 
GD = Groove depth, in. 
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The nozzle gland valve has an order number of A 1000C - 2 - AG, where 
A = 0.62 in. O.D. x .010 in. wall thickness, tube size 
1000 = TOO of 1.000 in. 
C = 321 stainless steel Toraseal material 
2 = Number of self-energizing holes 
AG = .0015 in. silver coating to insure better sealing 
With the above Toroseal specifications the groove dimensions are 
GOD = 1.008/1.011 in. 
G I D = • 861 i n • (rna x ) 
GD = .050/.055 in. 
The Toroseal order numbers can be calculated from a table in the 
Magnatech catalog. 
For proper sealing the valve should be tightened to a torque of 
at least 457 ft-lbf. This will provide a minimum interface pressure 
of 1,760 psi. The manufacturer has stated that with this interface 
pressure and the 0-ring, there will be no leakage past the valve. For 
proper 0-ring sealing Magnatech suggests that all groove surfaces be 
ground. A 16 - 24 micro-inch grind on all groove surfaces and the 
valve face will meet this requirement. 
3. Toruseal 0-Rings {No. 4, 10, 23, Fig. A.1) 
The 0-rings will be installed to ai. d in containing the 100,000 
psi fluid in the nozzle and piston cylinder cavities and the 
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10,000 psi fluid in the outer cylinder cavity. In order for each 
0-ring to function properly the joint it is sealing must be clamped to 
provide a minimum interface pressure. These pressures are listed in 
Table III for the different size 0-rings used. 
TABLE III 
INTERFACE PRESSURES FOR PROPER 0-RING SEAL 





4. Nozzle and Cavity Gland Poppets (No. 5, Fig. A.l) 
The nozzle and cavity gland poppets are to be made of AISI 440C 
stainless steel. This high strength metal will reduce the rate of 
erosion caused by high velocity water especially in the nozzle ball 
check valve. 
5. Nozzle and Cavity Gland Ball Bearings (No. 6, Fig. A.1) 
The ball bearings are made of AISI 440C stainless steel. This 
metal has been described as having the highest quenched hardness and 
greatest wear resistance of any corrosion or heat resistant steel. (6) 
6. Nozzle and Cavity Gland Springs (No. 7, Fig. A.l) 
The gland springs are compression springs with squared and ground 
ends for proper poppet alignment. The springs are made of AISI 302 
11 
stainless steel, a general purpose stainless steel. The ball bearings 
and the compression springs are made by PIC Design Corporation. 
7. Nozzle Gland (No. 8, Fig. A.l) 
The nozzle gland design considerations include ground countersinks, 
chamfer, and all bottoms of threaded holes. The two, 2-12UN-3U 
threaded holes were designed to be ports for _ a pressure gauge and a 
nozzle assembly. In the final analysis the size of these two ports can 
be changed. The nozzle gland is to be made of heat treated VascoMax 
350 CVM maraging steel having a yield strength of 353,000 psi. 
8. Cavit,x Gland (No. 9, Fig. A.l) 
The function of the cavity gland assembly is to allow the water 
and soluble oil mixture to fill the piston cylinder cavity during the 
return stroke and to seal the cavity during the compression stroke. 
The sealing is accomplished by having a spring loaded ball bearing 
seat past the centerline of the cavity inlet hole. ~~i th a .125 x 45° 
chamfer the .500 inch diameter ball will rest .021 inches past the 
centerline of the cavity inlet hole in the direction of the input tube. 
With this design the high pressure during the compression stroke will 
aid in sealing the piston cylinder cavity. 
The 0-ring groove dimensions have been designed with a 
TOO= .750 inches. Therefore, from Eqs. (2.1), (2.2), and the 
Magnatech catalog the groove dimensions are 
GOD = • 758/.761 in. 
GID = .610 in. (max) 
GD = .050/.055 in. 
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The Toruseal order number is A750C-1-AG. The groove surfaces and gland 
face will be ground as suggested by the 0-ring manufacturer. 
9. Cavity Gland Valve (No. 11, Fig. A.1) 
The function of the valve is to house the spring, poppet, and ball 
bearing assembly of the cavity gland. The valve should be tightened to 
a 100 ft-lbf torque. 
10. Plunger (No. 12, Fig. A.1) 
Since the plunger will be cyclicly stressed from 0 to 184,400 psi 
the plunger is to be made of heat treated VascoMax 350 CVM maraging 
steel that has a 0.2 per cent offse~.yield strength of 353,000 psi. 
There are accomodations for four step cut piston rings at the input 
end of the plunger and accomodations for a Toruseal 0-ring at the output 
end of the plunger. With the nominal diameter, TOO = .750 inches, the 
0-ring groove dimensions from Eqs. (2.1), (2.2), and the Magnatech 
catalog are 
GOD= .758/.761 in. 
G I D = . 610 i n . (rna x ) 
GD = .050/.055 in. 
The Toruseal order number is A750C-1-AG. The entire plunger including 
piston and 0-ring grooves · will be ground to a 16 - 24 micro-inch finish. 
11. Plunger and Piston Head Piston Rings (No. 13, 30, Fig. A.1) 
The plunger piston and piston head piston rings are of step joint 
type design. This design is very efficient since the piston ring 
covers the complete cylinder face. The manufacturer of the piston 
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rings is Johnson Piston Rin9 & Engineering, Incorporated. The manu-
facturer states that during normal intensifier operation the rings 
will be 98 to 99 percent efficient. However, should the piston freeze 
in position the leakage past the rings will amount to 25 percent 
per minute of the full pressure. This leakage can serve as a 
secondary safety valve. Should the Kobe Pump safety valve fail to 
operate when the intensifier nozzle jams during the compression 
stroke, the pressure can bleed off in four minutes after intensifier 
shut-down, allowing the operator safe entry after this time. Care 
must be taken to leave the Kobe Pump operating for four minutes after 
the nozzle jams to avoid the piston head slapping the bottom plate 
after intensifier shut-down. The rings are to be made of A.M.S. 
7310 SPECIAL, which is a cast iron alloy containing approximately 
3 percent silicon, with a very low coefficient of friction. The 
order number for the four plunger piston rings is 2.310 x .185/.186 x 
.100/.120 step cut rings. The order number for the three piston head 
piston rings is 8.003 x .624 x .250/.275 step cut rings. 
12. Plunger Jam Nut (No. 14, Fig. A.1) 
The plunger jam nut has the function of locking the plunger in 
place while permitting the nozzle gland to be fixed in any position 
about the plunger axis. The plunger jam nut should be tightened to 
a 100 ft-lbf torque. 
13. Plunger Hydraulic Seal Retainer Plate (No. 15, Fig. A.1) 
The retainer plate is to be made of direct hardening AISI 4140 
alloy steel to provide a good bearing surface for the plunger. The 
eight, ~-20UNF-2A bolts used to secure the plate should each be 
tightened to a 100 ft-lbf torque. 
14. Tie Rods (No. 16, Fig. A.1) 
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The 23 intensifier tie rods were designed to be threaded for 20 
inches over the inner plate end so a standard hex nut can be screwed 
against the inner plate. With use of spacers this will divide the tie 
rod into two individually stressed sections allowing each section to 
be stressed well below the yield point of the tie rod material. 
15. Tie Rod Plate Spacer (No. 17, Fig. A.1) 
The function of the spacer is to load the inner and top plate 
portions of the tie rod in tension to avoid failure of the tie rod 
by fatigue due to cyclic loading. 
16. Input Tube Gland (No. 18, Fig. A.1) 
The input tube gland's function is to retain the molythane seals 
used in preventing leakage. The gland should be torqued until all 
leakage past the gland threads stops. 
17. Input Tube and Male Connector (No. 19, Fig. A.1) 
The input tube and male connector are manufactured by Sno-Trik 
Company. The input tube has a .5625 O.D. x .1875 I.D. and a working 
pressure rating of 60,000 psi. The input tube order number is 
9187-T-316 preconed, 2 ft. long. The male connector order number is 
SS-940-1-44M. Also, a special end connection that accepts the 
3/8-18 NPT flexible hose threads has an order number of SS-940-7-6. 
18. Flexible Input Hose (Connected to No. 19, Fig. A.1) 
The flexible input hose is manufactured by Enerpac, An Applied 
Power Industry. Both hose ends have male 3/8-18 NPT threads. The 
hose is made of heavy duty rubber, reinforced with two layers of 
braided steel webbing and can withstand pressures up to 10,000 psi. 
The hose has a model number of H-909. 
19. Intensifier Plates (No. 20, 21, 22, Fig. A.1) 
All the plates are to be made of direct hardening AISI 4140 
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alloy steel. This metal has reliable hardness and strength throughout 
the cross-section along with toughness. The molythane seal cavities 
in the inner and bottom plates were designed to the seal manufacturer's 
specifications. 
20. Outer Cylinder (No. 24, Fig. A.1) 
The outer cylinder is to be made of AISI 4142-H rotary forged 
tubing. This ductile, wear resistant alloy steel has good strength 
characteristics. The 0-ring grooves were designed for a 8.750 inch 
nominal diameter. The 0-ring groove dimensions are 
GOD= 8.761/8.758 in. 
GID = 8.470 in. (max) 
GO= .108/.113 in. 
The Toruseal order number is E8750C-4-AG. The 0-ring groove surfaces 
and all other outer cylinder surfaces will be ground for better fit 
and wear resistance. 
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21. Molythane Seals (No. 25, 26, 31, Fig. A.1) 
The hydraulic seals that are to be used in the intensifier are 
manufactured by the Parker Packing Company. The seals are made of 
molythane, a superior blend of polyurethane impregnated with 
molybdenum disulphide to provide lubrication. Molythane has high 
durometer with excellent flexibility as well as high tensile strength 
and impact resistance to withstand shock loads over wide pressure and 
temperature ranges. Each of the three hydraulic seal applications 
has a Molythane Type B Polypak along with a Molythane Modular Bearing. 
The bearing will be used to absorb light side-loading shock and as an 
anti-extrusion back-up ring. Vibration and non-uniform piston 
loading are not expected but the Type B Polypak must be protected 
by the close toleranced Modular Bearing. The plunger hydraulic seal 
that could be exposed to 100,000 psi pressure has an additional close 
tolerance ductile bronze bearing which will become activated at 
pressures above 12,000 psi at which time it will completely shut off 
any extrusion gap. Bronze was chosen because of its good bearing 
capabilities since it will be in contact with the plunger under high 
pressure. This bronze bearing is manufactured by the AMPCO Company. 
The order numbers of the polypaks and bearings are listed in Table IV. 
22. Piston Cylinder (No. 27, Fig. A.1) 
The piston cylinder is to be made of heat treated VascoMax 350 
CVM maraging steel having a 0.2 percent offset yield strength of 
353,000 psi. The molythane seal cavity dimensions were designed to 
meet the manufacturer's specifications. With the piston cylinder 
cavity being exposed to 100,000 psi pressure, large expansion of the 
APPLICATION 
Piston Cylinder 
Hydraulic Sea 1 
Input Tube 





MOLYTHANE SEAL ORDER NUMBERS 
TYPE OF 
~10L YTHANE SEAL ORDER NU~1BER 
Type B Polypak 37506000-5008 
r·,1odul ar Bearing 37506000-t~B 
Type B Polypak 18700562-312£3 
Nodular Bearing 18700562-MB 
Type B Polypak 25002312-3758 
Modular Bearing 25002312-f-18 
Bronze Bearing AMPCO 2.8100/2.8095 0.0. 
X 2.3088/2.3093 I.D. 
x .275/.280 Bearing 
cylinder will occur. This will cause binding at the piston cylinder 
and inner plate journal surface. A solution to this problem is to 
fix the plunger in the piston cylinder at a position that will cause 
tolerable expansion at the journal surface. This problem was solved 
in Appendix B using a series solution method. With the plunger fixed 
8 inches in the piston cylinder at the beginning of the compression 
stroke there will be a diametral expansion of .0011 inches which will 
be within the minimum clearance for an RC4 fit. 
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23. Piston Cylinder Hydraulic Seal Retainer Plate (No.28, Fig.A.1) 
The retainer plate is to be made of direct hardening AISI 4140 
alloy steel to provide a good bearing surface with the piston cylinder. 
The eight, ~-20UNF-2A bolts used to secure the plate should each be 
tightened to a 100 ft-lbf torque. 
24. Piston Head (No. 29, Fig. A.1) 
The piston head is to be made of hot rolled, annealed AISI 4140 
for superior wear resistance and ease of machining. The piston ring 
grooves were designed to meet the manufacturer•s specifications. The 
six piston head socket head cap screws should each be tightened to a 
300 ft-lbf torque. 
The piston head and plunger are the amplifying elements of the 
intensifier. The ratio of areas gives the amplification that can be 
achieved with the intensifier. In this study the amplication ratio 
is 12:1. With a 10,000 psi, 11.5 gpm source the maximum output will be 
120,000 psi. The nozzle diameter governs the final output pressure. 
In Chapter III the nozzle diameter was calculated to give a maximum 
pressure of 100,000 psi with the source flow rate stated. 
25. Intensifier Mounting Plates 
The mounting plate shown in Fig. A.31 and shown mounted in Fig. 
A.32 is . one of several possible ways of securing the intensifier. 
The method shown is simple and will be strong enough to withstand any 
dynamic forces the intensifier can develop. With the fastest rate the 
piston assembly will travel being 2.018 inches per second, the dynamic 
forces will not be significant. 
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The mounting system proposed shows the intensifier in position on 
a raised concrete pad that has drilled and tapped metal bars running 
the length of the pad. With the mounting plates bolted to the 
intensifier the assembly is lowered in position and bolted to the 
concrete pad. 
B. Intensifier Syste~ Components 
The intensifier system components are the manufactured items that 
are instrumental in cycling the intensifier. 
1. Microswitches (No. 33, Fig. A.l) 
The microswitches are the electrical components of the intensifier 
that initiate each portion of the intensifier cycle. Since they will 
be mounted on a slotted plate the microswitches can be adjusted to 
change the length of stroke of the intensifier. The microswitches are 
enclosed in environment-proof metal units with molded silicone rubber -
plunger seals and epoxy casting resin potted terminals. The micro-
switches are manufactured by r~1icro Switch, a Division of Honey\'lell, 
Inc. Both microswitches are of roller leaf style and are single pole-
double throw operated. The microswitch statistics are given in Table V. 
TABLE V 
MICROSWITCH STATISTICS 
Operating force (max) 









• 560 in • 
.150 in. 
• 015 in • 
.025 in. 
.640 ± .030 




Electrical data 5 amps res., 3 amps ind. 
125 or 250 vac, 60 HZ 
2. Valve S~stem 
The valves used to cycle the intensifier will be three, 4-way 
solenoid operated valves manufactured by DeLaval, Barksdale Controls 
Division. Each valve has a capacity of 4 gpm at 10,000 psi. Three 
valves vJill be manifolded as shown in the schematic drawing, Fig. A.37, 
to achieve the needed 11.5 gpm flow capacity. The valve statistics 





11AXIMU~1 20 ft/sec FLOW PASSAGE 
DIAt·1ETER PORT SIZE 
gpm inches NPT 
4 9/32 1/4 
VALVE 





The intensifier source will be a Kobe Size 3F, Triplex Pump. At 
present the pump output is 4 gpm at 30,000 psi but this pump can be 
modified to have an output of 11.5 gpm at 10,000 psi. The capacity is 
increased by installing 7/8 inch diameter plungers. The only reserva-
tion Kobe Incorporated has about the modification is the fact that the 
water velocity through the valves will be relatively high. The solution 
to this condition is to increase the charging pressures to values in the 
ranqe of 75 to 100 psi to obtain satisfactory performance. 
4. Charging Pump 
The Kobe Triplex Pump could be used as a charging system if a 
flexible hose capable of handling cyclic 0 to 10,000 psi pressure were 
available. With no such hose available a lower pressure charging pump 
will be used. To open the cavity ball check valve a minimum pressure 
of 100 psi will be required. Howell Engineering Equipment Company can 
supply a Burks Series CT Turbine Type Pump having a 5 gpm, 150 psi 
output. A special relief valve connected to the pump will bypass any 
liquid above 150 psi. This safety system would become opera~ive for 




INTENSIFIER PHYSICAL SPECIFICATIONS 
A. Nozzle Design 
The diameter of the nozzle exit hole is the critical factor in 
attaining a 100,000 psi water jet. The pressure for a given hole 
diameter is a function of the flow rate. The equation to determine the 
pressure is given in terms of the throat velocity. The nozzle throat 
velocity is the flow rate divided by the nozzle exit hole area. 
The equation 
where 
v = 46/P 
V = Velocity, ft/sec 
P = Pressure, atm 
governs the velocity of water at tained at a qiven pressure. For 
100,000 psi the exit or throat velocity must be 
V2 = 3790 ft/sec = 2.7288 X 106 in./min 
The input during the compression stroke will be 11.5 gpm on a 
12:1 piston area ratio. The output will be 
G = 11.5/12 = .9508 gpm = 219.83 in. 3/min 
Water is compressed by 17 percent at 100,000 psi,( 7) which gives a 
compressibility factor of p1/p2 = 1.205. 
From the continuity equation 




A2 = Nozzle exit area, in. 
2 
p1/p2 = Compressibility factor 
A1V 1 = G • 
31 . , 1 n. m1 n 
v2 = Exit velocity, in./min 
We obtain 
A2 = (1.205)(219.83)/(2.7288x10
6) = 9.72x10- 5 in. 2 
Thus the nozzle exit diameter is o2 = .01112 inches. This diameter 
nozzle with the .9508 gpm flow rate will yield a 100,000 psi water jet. 
B. C~cling Rate and Stroke Length 
An i ntens i fi er cycle \'/i 11 consist of a compression and a return 
stroke. Each piston assembly average stroke velocity is different 
because of different cavity volumes. The average stroke velocities 
are determined by dividing the flow rate in cubic inches per second by 
the area the fluid is acting upon. For the compression stroke 
Vc = .888 in./sec 
where 
Vc = Compression stroke velocity, in./sec 
And the velocity of the piston assembly on the return stroke is 
VR = 2.018 in . /sec 
where 
VR = Return stroke velocity, in./sec 
The maximum length of stroke is physically limited to 6.5 inches. 
The time for a compression stroke is calculated to be 
T6_5c = 7.33 sec 
where 
T6_5c = Time for a 6.5 inch compression stroke, sec 
The time for a 6.5 inch return stroke will be 
T6_5R = 3.22 sec 
where 
T6_5R = Time for a 6.5 inch return stroke 
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The total time for a complete intensifier cycle for a 6.5 inch stroke 
is found to be 
T6 _5 = 10.55 sec 
This corresponds to a cycling rate of 
CR6_5 = 5.68 cycles/min 
The minimum length of stroke will be 0.5 inches. The time for a 
compression stroke will be 
T0_5c = .564 sec 
and the time for a return stroke 
T0_5R = .248 sec 
The total time for a complete intensifier cycle for a 0.5 inch stroke 
will be 
T0. 5 = .812 sec 
This corresponds to a cycling rate of 
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CR0_5 = 74.0 cycles/min 
The response time of the valve system will be very small compared 




The assembly of the ( ntensifier is given in steps with potential 
problems indicated. Many steps are interchangeable but some such as 
the assembly of the ball check valves must be followed rigidly. See 
Fig. A.1. 
Assembly Notes 
1. Make sure that all pieces assembled are clean. 
2. Lubricate all moving parts before assembly. 
3. Check smoothness of operation upon assembly of moving parts. 
Assembl.Y 
1. Place a ball bearing i"n the cavity gland. 
2. Place a poppet in the cavity gland. 
3. Place a spring in the cavity gland valve and screw the valve 
in the cavity gland with a torque of 100 ft-lbf. Check for 
ease of operation of the cavity ball check valve. 
4. Place a Magnetech A750C-1-AG Toruseal 0-ring in place and 
screw the cavity ball check valve in the piston head with a 
minimum torque of 24.5 ft-lbf. 
5. Bo 1 t the pis ton head to the pis ton cylinder \'lith a 300 ft-1 bf 
torque to each of six, 1-8UNC-3A x 7 in. 1 ong socket head cap 
screws. 
6. Screw the assembled Sno-Trik male connector and input tube 
to the piston head to 1/4 turn past the finger tight position. 
7. Place three, 8.003 x .624 x .250/.275 Johnson Engineering 
step cut piston rings on the piston head. 
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8. Slide the piston assembly in the inner plate noting the inner 
plate intake cavity port faces the piston head. 
9. Slide the Parker 37506000-5008 Molythane Type B Polypak on 
the piston cylinder with the 0-spring facing in the direction 
of the inner plate. 
10. Slide the Parker 37506000-MB Molythane Modular Bearing on the 
piston cylinder behind the Polypak. 
11. Slide the piston cylinder hydraulic seal retainer plate on 
the piston cylinder and clamp in place on the inner plate 
with a 100 ft-lbf torque to each of eight, 1/2-20UNF-2A x 
1~ inches long bolts. Check for ease of operation. 
12. Slide one Magnatech E8750C-4-AG Toruseal 0-ring over the 
piston head and then using a ring compressor slide the outer 
cylinder over the piston head. 
13. Place the 0-ring in position on the outer cylinder and slide 
the outer cylinder in place in the inner plate. 
14. Place the other Magnatech E8750C-4-AG Toruseal 0-ring in 
position on the outer cylinder. 
15. Slide the bottom plate on the input tube and into position on 
the outer cylinder. 
16. To hold this assembly together slide two or three tie rods in 
posttion at equal spacing, noting the unthreaded portion of 
the tie rods lies between the inner and bottom plate and bolt 
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with 3/4-16UNF-2B standard hex nuts just tight enough that 
the assembly is solid. Check for ease of operation. 
17. Slide the Parker 18700562-312B Molythane Type B Polypak on 
the input tube and into place noting the 0-spring faces the 
bottom plate. 
18. Slide the Parker 18700562-MB Molythane Modular Bearing on 
the input tube behind the Polypak. 
19. Screw the input tube gland in the bottom plate beyond the 
finger tight position. This gland should be tightened more 
if large leakage past the threads is visible during 
operation. Check for smooth operation. 
20. Bolt the microswitch trip plate on the piston cylinder with 
four, ~-20UNC-2A x 1 in. long bolts. 
21. Place a ball bearing in the nozzle gland. 
22. Place a poppet in the nozzle gland. 
23. Place a spring and a Magnatech A1000C-2-AG Toruseal 0-ring 
in the nozzle gland valve and screw the valve in the nozzle 
gland with a minimum torque of 457 ft-lbf. Check for ease 
of operation. 
24. Slide the plunger jam nut on the plunger and screw the nozzle 
gland jam nut down the plunger threads. 
25. Place a Magnetech A1000C-2-AG Toruseal 0-ring in position in 
the plunger and screw the plunger in the nozzle gland with 
a minimum torque of 381 ft-lbf. 
26. Screw the nozzle gland jam nut against the nozzle gland with 
a 100 ft-lbf torque. 
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27. Slide the plunger and nozzle gland assembly in the top plate 
and lock in a suitable position with a 100 ft-lbf torque 
applied to the plunger jam nut. 
28. Slide the plunger hydraulic seal retainer plate on the 
plunger followed by the AMPCO ductile bronze bearing. 
29. Slide the Parker 25002312-MB Molythane Modular Bearing 
followed by the Parker 25002312-3758 Molythane Type B 
Polypak, with the 0-spring facing the inner plate, on the 
plunger. 
30. Place four, 2.310 x .185/.186 x .100/.120 Johnson Engineering 
step cut piston rings on the plunger. 
31. Place tie rod plate spacers on the two or three tie rods al-
ready in place and slide the piston cylinder as far out from 
the other assembly as possible. Using a ring compressor 
slide the plunger in the piston cylinder. 
32. Align the top plate and slide it on the existing tie rods 
and clamp firmly in position with 3/4-16UNF-2B standard hex 
nuts. Check for ease of operation. 
33. Slide the Molythane Polypak, Molythane Modular Bearing, 
bronze bearing, and the plunger hydraulic seal retainer 
plate in position and clamp with a 100 ft-lbf torque applied 
to each of eight ~-20UNF-2A x 1~ in. long bolts . Check for 
ease of operation. 
34. Loosen top plate tie rod hex nuts. 
35. Place the remaining tie rods in position by sliding the long 
threaded portion th-rough the bottom and inner p 1 ate portion 
and advancing 3/4-16UNF-2B standard hex nuts against the 
inner plate while holding the tie rod plate spacers in 
position. 
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36. After all the tie rods, tie rod plate spacers, and the inner 
plate tie rod hex nuts are in position screw all forty-six, 
3/4-16UNF-2B standard hex nuts to the top and bottom plate 
tie rod portions after placing the intensifier mounts in 
position. 
37. Torque all inner and bottom plate tie rod portion hex nuts 
to a minimum torque of 372 ft-lbf' using a crossing pattern 
to tighten all nuts. 
38. Torque all inner and top plate tie rod portion hex nuts to a 
minimum torque of 257 ft-lbf' using a crossing pattern. 
Check for ease of operation. 
39. Position the microswitch assembly in place and screw down 
with four, 4-40NC-2A x 1 in. long screws. 
40. Adjust the microswitch•s depth to hit the microswitch trip 
plate and completely cycle the microswitches. 
41. Connect the Sno-Trik SS-940-7-6 female connection to the 
input tube and connect the Enerpac Model Number ~i-909 
flexible hose. 
42. Connect the valve system to the Kobe Triplex Pump and then 
to the intensifier as shown in Fig. A.37. 





Best results are achieved if the pump is given a nominal break-in 
run. This "wear-in" allows the newly machined surfaces to be smoothly 
worn before excessive loads are applied. The following is normal 
break-in procedure. 
1. Start the pump and check for leaks in the primary system. 
2. Run four hours at minimum load and with oil or heavily lubri-
cated water as the pumped fluid. Check closely for signs of 
excessive wear or severe temperature. 
3. Accumulate one hour running time at pressures around 
30,000 psi. Check for leaks, wear and high temperatures. 
4. Accumulate one hour running time at pressures around 
60,000 psi. Check wear, leaks, etc. 
5. Run the pump to maximum operating pressure and adjust the 
source pressure relief valve. The pump should exhibit 
complete safety shut-down at a pressure not exceeding 100,000 
psi. Make sure no high pressure leaks are occurring. 
B. Preventive Maintainence 
Since the pump is lubricated by the pumped fl uid very little 
preventive maintainence should be required. For the same reason~ 
however, it is imperative that the pumped fluid be kept clean. 
Filtration by the Kobe Triplex Pump filter will be adequate for the 
intensifier operation. 
32 
Occasional checks should be made to determine that the system is 
leak-free. Leaks at high pressure will quickly erode the equipment, 
perhaps destroying an otherwise repairable component. Leakage in small 
amounts past the piston and plunger is normal. Leakage past the ball 
check valves, nozzle gland or cavity check valve, is not. 
The treated water, water and soluble oil mixture, pumped by the 
Kobe Triplex Pump will have adequate lubrication ability for pumping 
through the intensifier and should be used after completing step 1 of 
the start-up procedure. 
C. Trouble-Shooting 
1. High Pressure Connections and Fittings 
Do not use excessive torque to tighten a high pressure connection. 
If the joint does not seal with the proper torque, disassemble and 
repair the fitting. A good connection has line or face contact on the 
sealing surface. Excessive torque can deform this, making sealing more 
difficult. 
Never tighten a fitting under pressure. This subjects the fitting 
to the worst combination of loads and is not safe practice. 
2. Check Valve Failure 
Possible Causes 
a. Eroded seat or ball 
b. Weak or broken spring 
c. Poppet stuck 
Corrections 
a. Replace ball, repair the valve seat. 
b. Replace spring 
c. Remove poppet and clean, check for dirt. 
3. Pump Does Not cxcle 
Possible Causes 
a. Primary flow blocked 
b. Directional solenoid valve stuck 
c. Microswitch not tripped at the end of the stroke 
d. Microswitch stuck 
e. Pump stalled due to discharge pressure 
f. Excessive viscosity in pumped fluid 
Corrections 
a. Check the primary pressure to insure flow 
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b. Consult local dealer for repair. Repair of this item by 
inexperienced personnel is not advised. 
c. Check stroke and adjust microswitch by moving it closer 
to the trip plate 
d. Replace microswitch 
e. Set primary relief valve 
f. Replace with lower viscosity fluid 
4. Excessive Seal and Plunger Wear 
Possible Causes 
a. Dirty fluid 
b. Fluid with poor lubricity 
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c. Scored or damaged plunger 
Corrections 
a. Flush pump and replace fluid 
b. Replace fluid or add more soluble oil 
c. Replace plunger 
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CHAPTER VI 
COST AND WEIGHT ANALYSIS 
The cost of the intensifier system can be separated into three 
categories. These are the cost of manufactured components, material 
costs, and machining costs. All companies that will supply their 
services are listed in Table VII and have corresponding company 
reference numbers. The reference numbers are referred to in the cost 
analysis. The supplier is not always the manufacturer and this is 
noted in the analysis. Further information on the company and product 
can be found in Chapter II. 
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TABLE VI I 



















COMPANY NAME AND ADDRESS 
Kobe Incorporated, P.O. Box 2507, 3040 East Slauson 
Avenue, Huntington Park, California 90255 
Neff Power, Incorporated, 731 Hanley Industrial Court, 
St. Louis, Missouri 63144 
Howell Engineering Equipment Company, 7603 Forsyth 
Boulevard, St. Louis, Missouri 63105 
Parker Packing Company, 2220 South 3600 West, 
Salt Lake City, Utah 84119 
Ampco Company, 1745 South 38th Street, Milwaukee, 
Wisconsin 53201 
Johnson Piston Ring and Engineering, Incorporated, 
25217 Trowbridge Avenue, Dearborn, Michigan 48124 
Enerpac, Division of Applied Power Industries, 
Incorporated, Bulter, Wisconsin 53007 
St. Louis Valve and Fitting Company, 607 South Florissant 
Road, Ferguson, Missouri 63135 
PIC Design Corporation, P.O. Box 335, Benrus Center, 
Ridgefield, Connecticut 06877 
Magnatech, The DSD Company, Bradley Park, East Granby, 
Connecticut 06026 
SLIGO Incorporated, Division of Mid-Continent Supply 
Company, 1400 North Seventh Street, St. Louis, 
Missouri 63106 
Joseph T. Ryerson and Son, Incorporated, Box 527, St. 
Louis, Missouri 63166 
Micro Switch, A Division of Honeywell, Freeport, 
Illinois 61032 
Vanadium-Alloys Steel Company, A Teledyne Company, 
Latrobe, Pennsylvania 15650 
Liberty Machine \~orks, Incorporated, 2410 North Ninth 
Street, St. Louis, Missouri 63102 
A. Manufactured Components Cost 
1. Source 
The source will be a Kobe Size 3F 
Triplex Pump modified with 7/8 inch 
plungers. Company reference 
number 1. Plungers 
2. Valve System 
The valve system will consist of 
three 5141R9WS2Al Barksdale solenoid 
valves. Company reference 2. 
3. Charging System 
The charging system will be a 3/4 
H.P. Burks Series CT Turbine Type Pump 
with a No. 9887 fitting package. 
Company reference number 3. 
Pump 
No. 9887 Fitting Package 
4. Input Hose 
The flexible input hose will be 
Model No. H-909 Enerpac Hose. 
Company reference 7. 
5. Input Tube and Fittings 
The input tube and fittings will 
be manufactured by Sno-Trik Company. 




















9/16 O.D. x 3/16 I.D. x 2' Tube and 
SS-940-1-44M Male Connector 
SS-940-7-6 Female Connector 
6. Microswitches 
Company reference 13. 
Catalog No. JE-5 Micro-Switch 
Catalog No. JE-17 Micro-Switch 
7. 0-Ri ngs 
Company reference 10. 
Order Number E8750C-4-AG 
A1000C-2-AG 
A750C-1-AG 
B. Ball Check Valve SErings and 
Ball 'Bearings 
Company reference 9. 
AY-86 Spring 
AK-9 Ball Bearing 
9. Piston Rings 
Company reference 6. 
8.003 X .624 X .250/.275 Step Cut 
Rings 







































10. Hydraulic Seals 
Company reference 4. 
18700562-3128 




25002312-3758 and Non-Recurring Set-Up 
Charge 
25002312-MB and Non-Recurring Set-Up 
Charge 
Company reference 5. 
AMPCO 2.8100/2.8095 O.D. 
X 2.3088/2.3093 I.D. X .275/.280 
Bronze Bearing 
11. Nuts and Bolts 
Company reference 11. 
3/4-16UNF-2B Hex Nuts 
I 
SAE 5 Grade, ~-20UNF-2A x 1~ 11 Long 
Bolts 
SAE 5 Grade, ~-20UNF-2A x 1~11 Long 
Bolts 
SAE 2 Grade, ~-20UNC-2A x 111 Long 
Bolts 
SAE 8 Grade, 1-8UNC-3A x 711 Long 










































The total cost of the manufactur.ed components will be $2,792.18. 
*Estimated total cost 
40 
B. Material Cost 
1. All AISI metals can be ordered from company reference number 
12. The cost listed below includes the cutting cost and the material 
cost. 
Component Name t~a teri a 1 
1 Nozzle Gland Jam C.F.A. E4340 






Plunger Jam Nut 
Tie Rods 
















C. F .A. E4340 








D. H.A. 4140 
Size of Piece 
311 round x 12 11 long 
1i .. round x 12 11 long 
1~ 11 round x 12 11 1 ong 
2~ 11 round x 12 11 1 ong 
4~11 round X 811 1 ong 
z .. round • 8 eight-12 1 lengths 
1~ 11 O.D. x !11 I.D. 
18 1 long 
5/811 round x 12 11 long 
411 X 15 11 X 15 11 
511 X 15 11 X 15 11 
611 X 15 11 X 15 11 
1~ 11 X 10 11 X 10 11 
1 
2c.F.A. - Cold finished annealed D.O.M. - Drawn over mandrel 
3A.C.G. - Annealed and centerless ground 
















Com~onent Name r~ateri a 1 Size of Piece Cost 
Outer Cylinder Annealed 4142-H 10 11 O. D. X 7.500 I . D. 112 . 86 Alloy Tubing 20 11 long 
Piston Head 5 H.R . A. 4140 ~~~ round X 811 long 38.77 
Microswitch 6 211 square x 311 long C.D. 1018 7.00 
Depth Adjust Square 
Plate 
t·1i croswi tch 7 Support Bar and L.C . S. .k-11 X 36 11 X 12 11 20.85 4 
Trip Plate 
Mounting Plates L. C. S. 3 .. X 48 11 X 15 11 63.55 4 
5 H. R. A. - Hot rolled annealed 
6 C.D. - Cold drawn 
7 L.C . S. - Low carbon steel 
2. The material the piston cylinder, nozzle gland, and plunger 
are to be made of will be VascoMax 350 cvm maraging steel having a 0.2 
percent offset yield strength of 353,000 psi. This material can be 
purchased from company reference number 14. In January 1969, Dr. 
R. Rollins of the University of f"l issouri-Rolla purchased this material 
for $3.7875 per pound in the annealed state. The price per pound can 
now be estimated to be $5.00. 
Component Name Size of Piece Weight (lbf) Cost 
Plunger ~~~ round X 3 1 1 ong 78.24 391.20 
Nozzle Gland 611 X 611 X 711 71.50 357 . 50 
Piston Cylinder 6~ 11 round x 20 11 long 173.87 869 . 35 
The total material costs will be $2,478 . 30. 
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C. Machining Costs 
The machining of the intensifier components was bid on by several 
companies. The company capable of machining all intensifier components 
and having the lowest total quotation was company reference number 15. 
The cost of the components is listed below. 
ComEonent Name guantitx_ Unit Cost Total Cost 
Nozzle Gland Jam Nut 1 58.00 58.00 
Nozzle Gland Valve 1 116.00 116.00 
Nozzle and Cavity Gland 2 54.00 108.00 Poppet 
Nozzle Gland 1 124.00 124.00 
Cavity Gland 1 124.00 : 124.00 
Cavity Gland Valve 1 93.00 93.00 
Plunger 1 279.00 279.00 
Plunger Jam Nut 1 93.00 93.00 
Plunger Hydraulic Seal 1 62.00 62.00 Retainer Plate 
Tie Rod 23 15.50 356.50 
Tie Rod Plate Spacer 23 8.00 184.00 
Input Tube Gland 1 93.00 93.00 
Bottom Plate 1 403.00 403.00 
Inner Plate 1 434.00 434.00 
Top Plate 1 434.00 434.00 
Outer Cylinder 1 248.00 248.00 
Piston Cylinder 1 372.00 372.00 
Piston Cylinder Hydraulic 1 124.00 124.00 Seal Retainer Plate 
Piston Head 1 248.00 248.00 
Mounting Plate 2 62.00 124.00 
Microswitch Depth Adjust 2 31.00 62.00 Plate 
Microswitch Support Bar 1 62.00 62.00 
Mi cro·s:wi tch Trip Plate 1 42.00 42.00 
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The total machining cost will be $4,243.50. Adding the cost of the 
manufactured components, material costs and machining costs the total 
cost of the intensifier will be $9,513.98. 
D. Weight Analysis 
The weights of all intensifier (not intensifier system) components 
were approximated for the finished piece. The major components are 
listed below and a total intensifier weight given. 
Comeonent l~e i g h t ( 1 b f) 
Nozzle Gland 42.50 
Plunger Jam Nut 13 .. 35 
Piston Cylinder Hydraulic 15.70 Seal Retainer Plate 
Plunger 25.75 
Bottom Plate 210.00 
Top Plate 301.00 
Inner Plate 216.00 
Outer Cylinder 151.50 
Piston Cylinder 121.40 
Pi stan Head 67.50 
The total weight of the intensifier will be approximately 
1,500 pounds. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
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The cost for fabrication of a high pressure fluid intensifier was 
completed and compared with the cost of manufactured intensifiers. 
The designed intensifier will cost $9,613.98 compared to $25,000 for 
an Autoclave Engineers ' intensifier and $52,415 for a Harwood Engineering 
Company intensifier. 
The expected output of the designed intensifier will be a pressure 
of 100,000 psi through a .01112 inch diameter nozzle at a flow rate of 
.9508 gpm. The intensifier is a single reciprocating piston arrangement 
that will yield an intermittent water jet with a maximum cycling rate 
of 74 cpm and a minimum of 5.68 cpm. This intermittent output can be 
used to study the capabilities of high pressure water jets to cut high 
compressive strength tacks. The source of the intensifier will be a 
Kobe Triplex Pump with a variable output, having a maximum of 10,000 
psi, 11.5 gpm. The variable source allows the pressure and flow output 
of the intensifier to be variable. Further pressure variation can be 
achieved with a change .in nozzle diameter. 
In design work the theoretical calculations predicting the opera-
tion of the machine must be made as accurate as possible to insure 
start-up and continued operation of the system. Even with exacting 
calculations, prob,ems can arise extending the initial cost estimate of 
the design. Even with $3000 - $4000 added to the initial estimate to 
cover the cost of unforeseen problems the cost of the designed intensi-
fier would still appear attractive. 
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It is recommended in dealing with high pressure that precautions 
be taken to insure the safety of the operator. Though safety valves 
to shut the intensifier down upon seizure are included in the system, 
some external methods of protecting the operator should be used. A 
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APPENDIX A 
ASSEMBLY DRAWING AND DETAILS 
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In order to simplify the drawings the general notes which apply 
to all drawings unl~ss otherwise stated, are as follows: 
1. All dimensions ±.005 in. 
2. All finish marks grind to 16-24 micro inch finish. 
3. Number of pieces for each component is one. 
4. All radii ±.015 in. 
5. All angles ±0°3 1 
6. · See Table II for mechanical properties of metals specified 
on drawings. 
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DESCRIPTION OF ITEMS IN FIG. A.l 
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SAE 5 Grade, ~-20UNF-2A x 1~ in. Bolt 
Nozzle Gland Jam Nut 
Nozzle Gland Valve 
Nozzle Gland Valve 0-Ring 
Nozzle and Cavity Gland Poppet 
Nozzle and Cavity Gland Ball Bearinq 
Nozzle and Cavity Gland Spring 
Nozzle Gland 
Cavity Gland 
Plunger Output End and Cavity Gland 
0-Ring 
Cavity Gland Valve 
Plunger 
Plunger Piston Ring 
Plunger Jam Nut 
Plunger Hydraulic Seal Retainer Plate 
Tie Rod 
Tie Rod Plate Spacer 
Input Tube Gland 

















































A.25 & A.26 















*Purchased standard item 
DESCRIPTION 
Inner and Bottom Plate 0-Ring 
Outer Cylinder 
Piston Cylinder Hydraulic Seal 
Plunger Hydraulic Seal 
Piston Cylinder 
Piston Cylinder Hydraulic Seal 
Retainer Plate 
Piston Head 
Piston Head Piston Ring 
Bottom Plate Hydraulic Seal 
SAE 2 Grade, ~-20UNC-2A x 1 in. Bolt 
Microswitch 
Microswitch Depth Adjust Plate 
Microswitch Support Bar 
Microswitch Trip Plate 
4-40NC-2A x 1 in. Screws 
3/4-16UNF-2B Standard Hex Nut 
SAE 5 Grade, ~-20UNF-2A x 1~ in. Bolt 
SAE 8 Grade, 1-8UNC-3A x 7 in. Socket 
Head Cap Screw 
Inner Plate Intake Cavity Port 
REG. HEX 
---~- 2. 000 ------~ 
• 9148° •9198 , 1-12UNF-3B 







MATERIAL - AISI E4340 
COLD FINISHED ANNEALED 














NOZZLE GLAND VALVE 
~-- 2.375 
1.500 
MATERIAL - AISI E4340 
COLD FINISHED ANNEALED 
SCALE - 1:1 
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5 DRILL, · 2500 REAM, 1.600 DEEP .2506 
1~-16UN-3A 
.050x45° CHAMFER 
NOTE: GRIND GROOVE SURFACES AND VALVE FACE 
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NOTE: ORDER NUMBER - A1000C-2-AG 
1.000° 




HOLE _- 2 
.010 WALL THICKNESS 
56 
SCALE- 3:1 
NOTE: HARDEN TO RC 55-60 





NOZZLE AND CAVITY GLAND POPPET 
1.050 
MATERIAL - AISI 440C S.S. 
QUANTITY - 2 




NOZZLE AND CAVITY 
GLAND BALL BEARING 
.038 
58 
.50000D ± .00005 
MATERIAL - AISI 440C S.S. 
HARDENED TO RC55-60 
QUANTITY - 2 
SCALE- 2:1 
k- 1.500 _Jt 
NOZZLE AND 
CAVITY GLAND SPRING 
MATERIAL - AISI 302 S.S. 
QUANTITY - 2 
SCALE - 1:1 
G 
c 












ANNEALED MATERIAL - VASCOMAX 350 ~~~T TREATED 
SCALE - 1:3 
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5000 REAM 1.000 DEEP .5007 ' 
.. 224475 DRILL, .2500 REAM . 2506 . 
D 
i:l~~~ , 1~-16UN-3B 
.125x45° CHAMFER, GRIND 
60° C'SINK TO .500D, GRIND, 2 HOLES 
1.9148D 
1. 9198 , 2-12UN-3B, 2 HOLES 
.
. 224457 DRILL, .2500 REAM 
: 2506 
.9148D 
. 9198 , 1-12UNF-3B 

















MATERIAL - AISI 4140 
HOT ROLLED ANNEALED 
SCALE - 1:1 
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IN FIG. A.9, 
A :~~~ DRILL, .5000 REAM .5007 
B 1 1/8-12UNF-3A 
c .125x45° CHAMFER 
D .050x45° CHAMFER 
E .9148D , 1-12UNF-3B . 9198 
F :~~~DRILL, .1875 REAM 
NOTE: GRIND GROOVE SURFACES AND GLAND FACE. 
NOTE: ORDER NUMBER - A750C-l-AG 
FIG. A.10 PLUNGER OUTPUT END AND CAVITY GLAND 0-RING 
SELF ENERGIZING 
HOLE - 1 
.010 WALL THICKNESS 
QUANTITY - 2 
SCALE - 3:1 
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REG. HEX. 111111f • 750 .. I 
.245 DRILL 
.247 
~2500 REAM 1 650 DEEP • 2506 • • 
FIG. A.ll 
14 1.850 .. I 
1-12UNF-3A 
CAVITY GLAND VALVE 
.050x45° CHAMFER, TYPICAL 
MATERIAL - AISI E4340 
COLD FINISHED ANNEALED 





MATERIAL- VASCOMAX 350 CVM ANNEALED 
HEAT TREATED 
SCALE - I: 6 
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NOTE: GRIND PISTON GROOVES WITH STRAIGHT SIDES, NO RADII AT THE BASE. 
610° 
GRIND 0-RING GROOVE SURFACES <· ~AX 
.758 
.761 
HEAT TREATMENT, AGING -- 925-950°F FOR 3 HOURS, AIR COOLED. 




PLUNGER PISTON R NG 
~I+-~ 
r I I , .186 -- I .L 
MATERIAL - A.M.S. 7310 SPECIAL 
QUANTITY - 4 










PLUNGER JAr~ NUT 
4.000 
~~-·-- 3. 000 ----~...,1 
·- -·-- -·· -·- - ~-·- . .. - -r--
·····- -·-·- ·-·-1---t--1- __ y __ _ 
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MATERIAL - AISI 4140 
COLD FINISHED ANNEALED 
SCALE - 1:3/2 
FIG. A.l5 
~DRILL, 8 HOLES 

















MATERIAL - AISI 4140 
DIRECT HARDENING ANNEALED 
SCALE - 1:3/2 
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NOTE: TIE ROD AND THREAD LENGTH ± 0.250 
HEAT TREATMENT - OIL QUENCH -1550°F 
TEMPER -1000°F 
.050x45° CHAMFER, TYPICAL 
FIG. A.l6 
l - 16UNF-2A 
4 
TIE ROD 
MATERIAL - ·AISI E4340 
COLD FINISHED ANNEALED 
HEAT TREATED 
QUANTITY - 23 
SCALE - 1:3/2 
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FIG. A.l7 
h 8.200 ,.., 
TIE ROD ~LATE SPACER 
MATERIAL - AISI 1025 D.O.M. 
DRAWN OVER MANDREL TUBING 
QUANTITY - 23 







.445_.. t 1.000 j-+j .750 . 
L v ----~--------~ 
.9380D 
.9375 
1-.---:--- -i- -- __ ./\. __ _ 





5 1- -12UN-3A 
8 
INPUT TUBE GLAND 
MATERIAL - AISI E4340 
COLD FINISHED ANNEALED 
SCALE - 1:1 





r-- 3.2656 ~ 
-1.875 t+ r.1.6562+j 
I~ 1 1- -12NF-3A 8 . 
INPUT TUBE AND ~1AL E CONNECTOR 
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24.000 








~ -+--t- -- 4-+--+<l~'+&---'4- -----+----+ 
~ 
B 
FIG. A.20 BOTTOM PLATE 
D 
1.000 
MATERIAL- AISI 4140 
DIRECT HARDENING ANNEALED 
SCALE -I :4 
74 
75 
IN FIG. A.20, 
A .750 DRILL, 3.000 DEEP 
B 
.753D 
, 23 HOLES -- 15 HOLES, EQUALLY SPACED .755 
c 1.542D , 1 5/8-12UN-3B 1.537 
D D 1.500 , 4.000 DEEP, 1 5/8-8UN-2B, 1.500 DEEP 
E 10.0000D 10.0018 
F 8.0000D 7.9988 
G .9380D .9388 















MATERIAL- AISI 4140 
DIRECT HARDENING ANNEALED 
SCALE- I :4 
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77 








::~~ DRILL, 1/2-20UNF-2B, 1.000 DEEP, 8 HOLES, EQUALLY SPACED 
753D 
: 755 , 23 HOLES - 15 HOLES, EQUALLY SPACED 
.750 DRILL, 3.000 DEEP 
#43(.089} DRILL, 4-40NC-2B, 1.000 DEEP, 2 HOLES 





# 43(.089)DRILL, 4-40NC- 28,1.000 DEEP, 2 HOLES 
1'""'~------ 14.000 -~----~ 




















;~~ • 23 HOLES -15 HOLES, EQUALLY SPACED 
TOP PLATE 
MATERIAL- AISI 4140 
DIRECT HARDENING ANNEALED 
SCALE - I: 4 
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NOTE: ORDER NUMBER - A8750C-4-AG 
HIDDEN LINES NOT SHOWN; .010 WALL THICKNESS, 
SELF ENERGIZING HOLES - 4 
,, 
FIG. A.23 INNER AND BOTTOM PLATE 0-RING 
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QUANTITY - 2 
SCALE - 1:3 
NOTE: ENDS GROUND PARALLEL WITHIN 
.001 FULL INDICATOR READING. 




~~ g~ o o -1----- ----- -----'-0 0'\ oo om . . ~ . 
~oo om l ~ 
19.000 
OUTER CYLINDER 
MATERIAL - AISI 4142-H 
ANNEALED 
SCALE - 1:5 
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NOTE: ORDER NUMBERS - 18700562-3128 
37506000-500B 
25002312-3758 




QUANTITY - ONE OF EACH 
SCALE - NONE 
NOTE: ORDER NUMBERS - 18700562-MB 
37506000-MB 
25002312-~~18 
FIG. A.26 ~10L YTHANE MODULAR BEARING 
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QUANTITY - ONE OF EACH 










MATERIAL - VASCOMAX 350 cvm ANNEALED 
HEAT TREATED 
SCALE - 1:3 
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:~~~ DRILL, 1-8UNC-3B, 2.000 DEEP 
6 HOLES, EQUALLY SPACED 
E :4~~ DRILL, ~-20UNF-2B, 1.000 DEEP 
8 HOLES, EQUALLY SPACED 
F :~~~ DRILL, ~-20UNC-2B, 1.000 DEEP 
4 HOLES, EQUALLY SPACED 
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NOTE: HEAT TREATMENT, AGING-- 925-950°F FOR 3 HOURS, AIR COOLED. 
FIG. A.28 
•503 DRILL, 8 HOLES 













MATERIAL - AISI 4140 
DIRECT HARDENING ANNEALED 
SCALE - 1:3 
85 
FIG. A.29 PISTON HEAD 
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MATERIAL- AISI 4140 
HOT ROLLED ANNEALED 
SCALE- I: 3 
87 
IN FIG. A.29, 
A :i~~ DRILL, .1875 REAM, 60° C'SINK TO .4062D 
B 1.040D 1.045 , 1 1/8-12UNF-3B, 2 HOLES 
c 1· 000 DRILL 1.505 C'BORE, .760 DEEP, 6 HOLES, EQUALLY SPACED 1.003 ' 
D .100x45° CHAMFER, TYPICAL 
NOTE: ALL PISTON GROOVES -- GRIND STRAIGHT SIDES, NO RADII AT BASE. 
NOTE: . ORDER NUMBER- 8.003 x .624 x .250/.275 









_.___ _ ___ 
MATERIAL - A.M.S. 7310 SPECIAL 
QUANTITY - 3 















•753 DRILL, 11 HOLES, 
•755 7 HOLES EQUALLY SPACED 
• 750 -+1 t+-
1•003 DRILL 
1•005 5 HOLES 
2.500 
f 
MATERIAL - LOW CARBON STEEL 
QUANTITY - 2 
SCALE - 1:4 
89 
FIG. A.32 
1 r~OUNTING PLATE 
r TOP PLATE 
......._.___7 
i/ 
BOTTOM PLATE \ 
r----------------------------~4\--
~ ?~ = ~=~~--:~ ~-----~--------~~U}iiit~=[A~~ =--~~~ ~~~~~===~= = =~~~~ 
CONCRETE PAD "'----- ----------- -
MOUNTED INTENSIFIER ASSEMBLY SCALE - NONE 
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~1 I CROS~J IlC}I 
QUANTITY - 2; 1 AS SHOWN, 
1 REVERSED POSITION 
SCALE - 1:2 
FIG. A.34 





1 I 1.soo 







MICROSWITCH DEPTH ADJUST PLATE 
MATERIAL - AISI 1018 
COLD DRAWN 


















MATERIAL - LOW CARBON STEEL 
SCALE - 1:2 
NOTE: ALL DIMENSIONS ± .020 
UNLESS OTHERWISE STATED 
FIG. A.36 
•253 DRILL, 4 HOLES 
•257 EQUALLY SPACED 
5.499° 
5.501 
MICROSWITCH T81_ pLATE 
94 
4.900° - 10.000° 
MATERIAL - LOW CARBON STEEL 
SCALE - 1:3 
95 
SOURCE 
p p p 
VALVE VALVE ALVE 
R R R 
'+-----+++----_j 
~-- -- --~ -- --
~-------
TANK INTENSIFIER INPUTS 


















AN ANALYSIS OF A PARTIALLY PRESSURIZED CYLINDER 
The problem of binding at the top plate and piston cylinder 
journal surface due to expansion of the piston cylinder was noted in 
the body of the thesis. It is the purpose of this Appendix to show 
that with proper plunger placement binding will not occur. For this 
purpose the radial displacement of the piston cylinder must be calcu-
lated. Comparison of the displacement of the outer cylinder to the 
allowable tolerance for the mating parts will permit determination of 
the clearance between the mating parts. 
98 
The piston cylinder will experience maximum expansion at the 
beginning of the compression stroke regardless of the plunger position. 
One solution to the problem of binding will be to move the plunger 
further in the piston cylinder causing a smaller high pressure cavity 
at the beginning of the compression stroke, and therefore less expans.:ion. 
The plunger can be moved in until the expansion of the piston cylinder 
at the journal surface is within the tolerance prescribed. 
Two methods of solution for the radial displacement will be used. 
First the deflection will be calculated using the ordinary th ~ick-walled 
cylinder approach. This ansv~er wi 11 be used in comparison with a more 
accurate series solution. 
In order to qualify as a thick-walled cylinder, the cylinder 
should have a wall thickness greater than 10 percent of the radius. (8) 
For the cylinder used in this study, the wall thickness is 61.5 percent 
of the radius. Thus, it can be expected the assumptions will be valid. 
For the ordinary thick-walled cylinder case an internal pressure 
distribution of 100,000 psi across the total length of the cylinder has 
been assumed. This has been done because classical thick-walled 
cylinder theory does not allow for the partial pressure dis.tr.ibution 
99 
which actually will exist. Also, it has been assumed that there are 
no end constraints as shown in Fig. B.l. The results should provide an 
upper limit on the actual displacements. 
j ~ ~ ~ j~ j ·~ 41' 
1 r .. r ~~ 
100,000 psi ... .. , ~ 
FIG. B.l THICK-WALLED THEORY PRESSURE DISTRIBUTION AND 
STRESS ORIENTATION 
de 
The strain at any point on the cir~le in the tangential direction 
can be expressed in terms of stress as 
(B.l) 
where 
Eee = Tangential strain, in./in. 
E = t~odulus of elasticity, psi 
0 rr = Radial stress, psi 
0
88 
= Tangential stress, psi 
\) = Poisson's ratio 
The radial displacement of a circle v1hose radius is p is 
related to the tangential strain by 
u = PEee (8.2) 
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Combining Eqs. (8.1) and (8.2) gives 
U = (p/E) {cree - vcrrr) (B.3) 
where 
U = Radial deflection, in. 
Also, the tangential and radial stresses are respectively 
2 2 2 2 2 2 P2r2 + (r1 r 2 /P )(P1-P2)] I (r2 -r1 ) (8.4} 
2 2 2 2 2 2 P1r 1 + (r1 r2 /p )(P1-P2)] I (r2 -r1 ) (8.5} 
where 
pl = Internal pressure, psi 
p2 = External pressure, psi 
rl = Inside radius, in. 
r2 = Outside radius, in. 
With P2 = atmospheric pressure which is approximately equal to zero 
relative to P1 and the point of interest on the radius being p = r 2, 
the stress equations become 
a = 0 rr 
Combining these values with Eq. (8.3) gives 
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The piston cylinder material will be heat treated Vascof~ax 350 
cvm maraging steel with a yield point of 353,000 psi. This material 
has a modulus of elasticity of 29 x 106 psi. With r 1 = 1.155 in., 
r 2 = 3.000 in. and P1 = 100,000 psi the radial deflection is 
U = 3.597 x 10-3 in. 
and at r = 3.00 in. 
These values will be compared with the values calculated using a 
more accurate method of solution which considers variations in the 
axial z direction. The method begins with the equilibrium equation 
in cylindrical coordinates 
and noting the coordinate system used in Fig. B.2. 
In Eq. (B. 6) 
r, e, z = Cylindrical coordinates 
orr' a88 , are• arz = Stresses, psi 
R = Body forces 
z 




The assumptions used are 
1. All body forces are negligible implying R = 0. 
2. Temperature gradients are negligible implying T in the stress-
strain equations can be taken as zero. 
3. The problem is axially symmetric implying U is a function of 
r and z but not of e, therefore, au;ae = a2u;ae2 = o. In 
like manner, av;ae = a2v;ae2 = o. 
4. There is negligible deformation in the z-direction implying a 
plane strain problem, Ezz. = aw;az = 0. 
v = Tangential deflection, in. 
w = Axial deflection, in. 
Ezz = Axial strain, in./in. 
The stress-strain equations are 
(8.7) 
where 
0 zz = Axial 
stress, psi 
Erz• Ere = Shearing strains, in . /in. 
G = Modulus of elasticity in shear, psi 
Application of the assumptions to the strain-displacement equations 
gives 
£rr = au;ar 
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£ = aw;az = o zz (B. B) 
2£re = -v/r + av/ar 
2£ = au;az rz 
Solving the stress-strain equations for stress in terms of strain 
yields 
and 
(1-v)£ + V£88 
0 rr = E [ (1-2~J(1+v) ] 
(1-v)£88 + V£rr 
0 8 8 = E [ ( 1-2v J ( 1 +v l ] 
(8.9) 
(8.10) 
With R = 0 and substituting Eqs. (8.9), (B .. 10), and (B.B) into 
the equilibrium equation, (8.6), and rearranging gives 
a2u + 1 au 1 u + G(1-2v)(1+v) a2u _ 0 ~ r ar- ~ "ECI-v) ~- (8.11) 
This equation is a linear homogeneous partial differential 
equation in terms of U = U(r,z) which can be solved using the method 
of separation of variables. In this case let 
U(r,z) = ¢(r)w(z) (8.12) 
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Substitution of Eq. (8.12) into Eq. (B.ll) gives 
<P" (r)l/J(z) + ~ cp' (r)l/i(z) - ~ cp(r)l/J(z) + Gp£ll~g+v) cp(r)l/J"(z)=O (B.13) 
Dividing this equation by ¢(r)~(z) and transposing we obtain 
st> •'_(_r_) + l ~ _ 1 = _ 1 1JL11i?J 
'¢rr'T r -<rrrT ~ 2 ~ r a 
(B. 14) 
where 
2 _ E ~1-v) 
a - G(l-2v (ltv) 
The left member of Eq. (B.14) is independent of z so that the 
right member must also be independent of z. Similarly. the right 
member is independent of r so that the left member is also independent 
of r. The two members of Eq. (8.14) thus do not depend on r or z. 
Their common value is therefore a constant. For convenience the 
constant is taken as A2• Therefore. Eq. (8.14) becomes 
t+, II 1 t+. I 1 - 1 liJ II - 2 t- + r t- - r2 - - -:1 t- - A 




Equation (8.16) is a Bessel Equation. Its solution can be found 
by comparing with the Generalized Bessel Equation 
r2<1> 11 + [(1-2A)r-2Br2]¢' + [c2o2r 2C+Br2-B(1-2A)r+A2-c2n2]¢ = 0 
and noting that B=O, A=O, C=l, n=1, and D=iA. 
The Generalized Bessel Solution is 
and upon substitution of the above values becomes 
This equation can be reduced to 
Solving Eq. (B.17) gives 
Substituting Eqs. (B.18) and (B.19) into Eq. (8.12) gives 
The constants, c1, c2, c3 and c4, can now be evaluated using 
appropriate boundary conditions. These boundary conditions are 
1. U(r,O) = 0, since the left end is constrained by low 
stressed material. 
2. U(r,L) = 0, since the right end is constrained by a 
circle of bolts connected to low stressed material. 
3. a (r2,z) = 0. rr 
4. orr(r1,z) = -f(z), where f(z) is the internal pressure 
distribution. 









Applying Eq. (B.22) to Eq. (8.20) we have 
From observation, sina/..L = 0 since c3 r 0. Therefore, a>..L = nn, 
where n = 1, 2, 3, ••• hence 
where 
/..n = Eigenvalues for the solution sought. 
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(B.25) 
To apply Eqs. (a.23) and (B.24) the radial stress, orr' must be 
determined. Using Eq. (B.9) and combining this with the strain-
displacement relationships, Eqs. (8.8), gives 
r (1-v) ~~ + v¥:] 
0 rr = Et(l-2v}(l+v) (B.26) 
Noting that 
and 





Combining Eqs. (8.27) and (8.28) with Eq. (8.26) and rearranging gives 
(8.29) 
Applying Eq. (8.23) to Eq. (8.29) yields 
[A(l-v)I0(Ar2) - (l;~v) I1(Ar2)] 





Infinitely many functions Un(r,z), n = 1, 2, 3, ••• have been found 
each of which satisfies Eq. (8.11). Since each of these equations is 
linear and homogeneous, any finite combination of these functions, say 
00 
(B.31) 
will also satisfy Eq. (B.ll). 
Substituting Eq. (8.30) into Eqs. (8.20) and (B.29) and letting 
c1-c3 = en, and noting the discussion on a summation of solutions 
gives 
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= Y E CnsinaA z [A (1-v)r0(A r) - (1- 2v) r1(Anr)] n=1 n n n r 
[An (1-v )I0 (Anr 2) 
(1-2v) 
I 1 (Anr 2 )] r2 
[An(1-v)K0(Anr2) + 
{1-2vJ 
K1 (Anr2)] r2 
[An ( 1-v) K0(Anr) + 
(1-2v) 
K1 (Anr)] I (1-2v)(1+v) r (8.33) 
In like manner 
(8.34) 
In order to evaluate the constant en we apply Eq. (8.24) to 
Eq. (8.33) and use the principle of orthogonality. Both sides of 
Eq. (8.33) are multiplied by sinaAmzdz and integrated from 0 to L 
while noting that 
L 
J sinaAnz sinaAmzdz = 0 
0 
when m 1 n, and the integral is equal to L/2 when m = n. Thus, the 
infinite series reduces to just one term and en can be evaluated. 
The equation for C is 
n 
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+ ( 1- 2v ) K ( A r )] 1 ( B • 3 5 ) r 1 1 n 1 
With all the constants evaluated the equations of U(r,z), 
orr(r,z) and cr88 (r,z) can be evaluated. The item to be considered 
first in the evaluation of U, crrr' and cr
88 
is the determination of 
the internal pressure distribution, f(z). Since f(z) will be 
integrated with a sine term we will express f(z) in terms of sine•s 
only. This can be accomplished by harmonically analyzing the curve 
shown in Fig. 8.3 from 0 to 2L and evaluating the resultant equation 
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FIG. ~ ,3 PRESSURE DISTRIBUTION, f(z) 
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If we let the total cycle be represented by e the general form 
of the desired equation is 
(8.36) 
The analytical procedure may now be outlined as follows( 9) 
1. Establish the fundamental cycle and assign the values 0 and 2n 
to its limits. The general form of the equation is Eq. (8.36). 
2. Divide the fundamental cycle into m equal intervals, each of 
width ~e and determine the corresponding ordinates. (Note: Do 
not include the ordinates for both ends of the interval being 
analyzed, because this would be a duplication.) As a rule of 
thumb we may put down, as a limit, m ~ 4n, where m is the number 
of intervals per cycle and n is the order of coefficients desired. 
For the problem a lOth harmonic equation is desired, therefore, 
m ~ 40. If we let m = 36 then ~e is conveniently equal to 10 
degrees. 
3. To determine a given coefficient, multiply each of them ordinates 
determined in (2) by the corresponding numerical values of the 
desired triqonometric function. The average value of the 
resulting column of products will be one-half the coefficient 
being sought. For example: To determine A2, multiply each of 
the values of f(e) as determined in step (2) by the corresponding 
values of cos2e. Add all the products together and divide by m/2. 
This will give the numerical value of A2. Repeat this process for 
111 
each of the values of A and B that are required. Since, the curve 
harmonically analyzed is asymmetrical the cosine coefficients, A, 
will always be equal to zero. 
4. Determine A0, which is equal to twice the average values of f(e). 
Again, A0 = 0 due to the asymmetry of the curve. It will be noted 
that 8 = TIZ/L. 
For this study many pressure distribution equations must be cal-
culated since it is not known which plunger placement will result in 
acceptable expansion at the journal surface. To begin we let 
f(z) = 105 psi which means there is 105 psi pressure throughout the 
entire internal radius of the 18 inch long cylinder. Next, we move 
the plunger 1 inch into the cylinder giving an f(z) of 0 psi the first 
inch and 105 psi the _ last 17 inches. The plunger is progressively 
moved into the cylinder in 1 inch increments. For each position there 
will be a unique pressure distribution and, therefore, a unique 
pressure distribution equation. Typical equations are graphed and 
shown in Fig. 8.4. The numerical subscript on all plots indicates the 
number of inches the plunger is in the piston cylinder. Therefore f 6 
is the pressure distribution with the plunger six inches in the piston 
cylinder. 
Coefficients of the pressure distribution equations for different 
plunger placements are shown in Table IX. As an example, for a 
plunger placement six inches in the cylinder, f(z) becomes 
f 6 = 1o
5£sinnz/L - .424sin2nz/L - .278sin4nz/L + .131sin5nz/L 
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The next step is to calculate the arguments of the Bessel 
Functions and the corresponding Bessel Function values. These values 
are shown in Table X. 
For every pressure distribution there will be unique deflection 
equation. With the information already supplied and noting that the 
piston cylinder is to be made of heat treated VascoMax 350 cvm 
maraging steel having the properties of v = .32, E = 29 x 106 psi, 
G = 11 X 106 psi and with r 1 = 1.155 in. and r 2 = 3.000 in. , the 
deflection equations can be calculated. The coefficients of these 
equations are listed in Table XI. Typical equations are graphed and 
shown in Fig. B.S. 
A comparison of the two thick-walled cylinder methods can now be 
made. With f(z) = 105 psi the radial expansion for the derived 
equation has a maximum value of 3.382xl0-3 in.which is smaller than the 
ordinary thick-walled value of 3.597xlo-3 in. This would be expected 
since the cylinder is not constrained using the ordinary thick-walled 
cylinder approach. With this close comparison of values it can be 
expected the derived equation is valid. 
The tolerance between the piston cylinder and the middle plate 
will be an RC4 fit. Since the base diameter of the piston cylinder 
will be 6 inches there will be a minimum clearance of .0016 inches. 
At the beginning of the compression stroke the most critical point on 
the journal surface will correspond to z = L/3 for the piston 
cylinder. Therefore, each deflection equation will be evaluated at 
z = L/3 to determine if the diametral expansion at this point on the 
piston cylinder falls below the .0016 inches minimum clearance. It 
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TABLE IX 
PRESSURE DISTRIBUTION EQUATION COEFFICIENTS 
Plunger 
1 inch 
in cylinder 2 3 4 5 6 7 8 
n Bn (105 psi) inches 
1 1.27 1.25 1.21 1.16 1.09 1.00 .904 .800 
2 0 -.038 -.109 -.206 -.315 -.424 -.522 -.593 
3 .416 .359 . 263 .152 .056 0 0 .056 
4 0 -.072 -.181 -.278 -.315 -.278 .181 -.072 
5 .239 .153 .044 -.012 .026 .131 .227 .247 
6 0 -.095 -.193 -.193 -.095 0 0 -.095 
7 .159 .094 -.017 .038 .145 .167 .071 -.014 
8 0 -.109 -.148 -.051 .020 -.051 -.148 .007 
9 .111 0 0 .111 .Ill 0 0 .111 
10 0 -.109 -.072 .025 - . 047 -.118 -.022 .016 
n 9 10 11 12 13 14 15 16 17 
1 .690 .578 .472 .366 .269 .185 .113 .057 .019 
2 -.630 -.630 -.593 -.522 -.424 -.315 -.206 -.109 -.038 
3 .152 .263 .359 .416 .416 .359 .263 .152 .056 
4 0 0 -.072 -.181 -.278 -.315 - . 278 -.181 -.072 
5 .175 .064 -.008 .011 .108 .212 .250 .194 .085 
6 -.193 -.193 -.095 0 0 -.095 -.193 -.193 -.095 
7 .023 -.135 .173 .088 -.008 .011 .120 .176 .105 
8 0 0 .007 -.148 -.051 .020 -.051 -.148 -.109 
9 . Ill 0 0 .Ill .111 0 0 . 111 .111 
10 -.094 -.094 .016 -.022 -.118 -.047 .025 -.072 -.109 
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TABLE X 
BESSEL FUNCTION VALUES 
n Anr1 Io(Anr1) I1(Anr1) Ko(Anr1) K1(Anr1) Anr2 Io(Anr2) I1(Anr2) Ko(Anr2) K1(Anr2) 
1 .104 1.0025 .052 2.394 9.651 .269 1.019 .136 1.493 3.599 
2 .208 1.011 .104 1.723 4.638 .538 1.075 .279 .869 1.522 
3 .312 1.025 .158 1.342 2.951 .807 1.170 .437 .560 .851 
4 .416 1.044 .213 1.084 2.099 1.076 1.271 .620 .379 .532 
5 .520 1.070 .269 .895 1.585 1.345 1.507 .837 .263 .350 
6 .624 1.101 .328 .750 1.242 1.616 1.768 1.102 .185 .236 
7 .728 1.136 .389 .634 .997 1.883 2.104 1.425 .127 .164 
8 .832 1.182 .453 .540 .816 2.152 2.541 1.831 .098 .115 
9 .936 1. 231 .521 .463 .676 2.421 3.102 2.342 .069 . 082 
10 1.040 1.268 .594 .399 .598 2.690 3.813 2.989 .050 .059 
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TABLE XI 
DEFLECTION EQUATION COEFFICIENTS 
0 
inches 1 2 3 4 5 6 7 8 
n (105 psi) 
1 4.064 4.05 3.99 3.86 3.70 3.43 3.19 2.89 2.55 
2 0 0 -.107 -.306 -.574 -.878 -1.18 -1.45 -1.65 
3 .985 .964 .833 .609 .352 .129 0 0 .13 
4 0 0 -.14 -.355 -.544 -.878 -.544 -.354 -.141 
5 .388 .375 .24 .069 -.019 .041 .208 .361 .387 
6 0 0 -.104 -.208 -.208 -.104 0 0 -.104 
7 .169 .148 .087 -.016 .035 .135 .155 .065 -.013 
8 0 0 -.083 -.112 -.039 .015 -.039 -.111 .005 
9 .084 .066 0 0 .066 .066 0 0 .066 
10 0 0 -.050 -.033 .011 -.022 -.054 -.010 .007 
n 9 10 11 12 13 14 15 16 17 
1 2.20 1.845 1.504 1.135 .859 .588 .360 .183 .062 
2 -1.76 -1.76 -1.65 -1.455 -1.18 -.878 -.574 -.306 -.107 
3 .353 .609 .833 .964 .964 .833 .609 .352 .129 
4 0 0 · -.141 -.354 -.544 -.878 -.544 -.355 -.140 
5 .275 .100 -.012 .018 .169 .333 .392 .305 .134 
6 -.208 -.208 -.104 0 0 -.104 -.208 -.208 -.104 
7 .021 .126 .161 .082 -.008 .010 .112 .164 .097 
8 0 0 .005 -.112 -.039 .015 -.039 -.112 -.083 
9 .066 0 0 .066 .066 0 0 .066 .066 
10 -.043 -.043 .007 -.010 -.054 -.022 .011 -.033 -.050 
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was found that the first equation to have an expansion smaller than 
the minimum clearance was the equation evaluated with the plunger 
placed 8 inches in the piston cylinder. When evaluated at z = L/3 this 
equation had a radial value of .00055 inches or a diametral value of 
.0011 inches wrnich is acceptable. 
The tangential stress, cr88 , and the radial stress, orr' have been 
calculated for the 8 inch plunger placement. The computer program used 
in evaluating the coefficients in the stress equations is given at the 
end of this appendix. The results are graphed as a function of radius 
and shown in Figures B.6 - B.9. From a computer program for the 
equation with f(z) = 105 psi the ave~ge tangential stress will be 
34
1
151 psi which closely corresponds to the ordinary thick-walled 
cylinder value of 34,785 psi. The radial stress, crrr' at r = 1.155 
inches should equal -f(z). From the graph of this radial stress as 
shown in Fig. B.10 it can be seen with an 8 inch plunger placement 
that in general form a compares favorably with f 8 . rr 
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1.4 
z = 11L/18 
- 1.2 5L/9 •r-
Vl L/2 Ci. 
LO 1.0 0 4L/9 -' 
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Program for radial stress, orr' 
II*LIMITS=(P=50) 










49 FORMAT( 1 11 ) 
R=1.155 
98 IF(R.GT.3.0)GO TO 99 
97 DO 5 N=1,10 
X=LAMBDA(N)*R 









IF(R.EQ.3.0)GO TO 101 
R=R+0.1 
GO TO 98 
99 R=3.00 
GO TO 97 
101 STOP 
100 FORMAT(8F10.012F10.0) 











DETERMINATION OF NUT AND BOLT TORQUES 
125 
Nuts and bolts are preloaded for one or a combination of the 
following reasons: 
1. Structural integrity 
2. Fatigue resistance 
3. Sea 1 i ng 
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The most efficient use of a nut or bolt is accomplished by pre-
loading the fastener to 90 percent of its proof load. (10) Proof load 
is defined as the maximum load a nut or bolt can withstand without 
incurring a permanent set. There are two reasons for the 90 percent 
recommendation. One of these can be explained by reference to a stress-
strain diagram for a good bolt material, such as an alloy steel. There 
is no clearly defined yield point for this material and the curve 
progresses smoothly up to the tensile strength. This means that, n,e, 
matter how much preload (less than the breaking load) is given the 
fastener, it will retain its load carrying capacity. On the other hand, 
a bolt made of a material having a well defined yield point would 
become plastic at the yield point and lose its ability to carry a load. 
The second reason is based on the fact that the torsional stress in the 
nut or bolt disappears after tightening. A joint subjected to dynamic 
loads or even slight movements will cause flattening of high spots or 
dirt and will relieve the torsional friction. Thus, during the 
tightening process the principal stress may very nearly equal the proof 
stress and the 90 percent of proof load becomes a practical maximum 
value. Therefore, whenever applicable the 90 percent of proof load 
torque will be used. 
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Instances when the 90 percent of proof load torque criterion will 
not be applied will occur when the nut or bolt has a well defined yield 
point or when the 90 percent torque is so large it is prohibitive. 
For example, to place a 882 ft-lbf torque on a one inch diameter bolt 
would not usually be within human capacity. Large torque requirements . 
will occur with nuts or bolts having large diameters. Other instances 
will occur when manufacturer's specifications for use of their product 
disallow the 90 percent of proof load torque. The criterion should be 
used with reservation with respect to fasteners subjected to cyclic 
loading. The proof load torque should preload the fastener to a value 
of preload force that when combined with the force the nut or bolt will 
carry from the external cyclic load, the total force will equal the 90 
percent of proof load force. 
If a nut or bolt will be subjected to cyclic loading it will be 
beneficial in most instances to preload the fastener to avoid ~~t·g·ue 
failure. Preloading effectively reduces the alternating stress which 
is half of the difference of the maximum and minimum cyclic stresses 
With reference to a constant-life fatigue diagram the alternating 
stress when reduced to a small value can effectively enlarge the life 
of the fastener. Without the preload the alternating stress would be 
large and the bolt would fail after only a small number of cycles. 
A preloaded bolt is subjected to a preload force of Fi. Under 
cyclic conditions an external force, Ft' is periodically applied to the 
connected members. Some of the additional force is carried by the 
bolted members and the remainder by the bolt. The amount carried by 
the bolt is given by{lO) 
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(C.l) 
and the amount carried by the bolted members will be 
(C.2) 
where 
Fb = Portion of Ft carried by the bolt, lbf 
Fm = Portion of Ft taken by the connected members, 1 bf 
Kb = Bolt stiffness constant 
~ = Connected members stiffness constant 
The resultant load on the bolt is given by 
(C.3) 
and the resultant compression of the bolted members is given by 
(C.4) 
Equations (C.3) and (C.4) hold only as long as some of the initial 
compression remains in the connected members. If the external force 
is large enough to remove this compression completely, the members will 
separate and the entire load will be carried by the bolt. With no 
compression in the connected members equation (C.4) becomes 
(C.5) 
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The stiffness constant of the bolt, Kb' is usually much less than 
that of the connected members so as a limiting case we will allow 
4Kb = ~· ( 10) Substituting into Eq. (C.5) and rearranging yields 
(C.6) 
Therefore, if a preload equal to .8 of the external cyclic force is 
applied to the bolt, separation of the connected members will not occur 
and Eqs. (C.3) and (C.4) will be valid. In this study bolts will be 
preloaded such that Fi = Ft' wherever possible. 
In summary the first preload to consider is the 90 percent of proof 
load torque to use the fastener as efficiently as possible. If this is 
not feasible then preloading a nut or bolt to avoid fatigue failure is 
the next consideration. The last consideration is to preload the 
fastener to meet the required function of the connected members. 
A. Machined Components 
1. Nozzle Gland Jam Nut 
The nozzle gland jam nut torque will be calculated using the 90 
percent of proof load recommendation. The nut material will be AISI 
E4340 alloy steel corresponding to anSAE 5 grade bolt material. (
6
) 
The preload force equation is 
(C.7) 
where 
F. = Initial axial preload on a nut or bolt due only to 
1 tightening, lbf 
sP = Proof stress, psi 
2 
As = Tensile stress area, in. 
With Sp = 85,000 psi and As= .663 in. 2 for anSAE 5 grade 1-12UNF-3B 
nut, the preload force will be Fi = 56,300 lbf. 
The preload torque equation is 
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T = Preload torque, ft-lbf 
D = Nominal diameter of threads, in. 
K = Torque coefficient 
With K = .188 and D = f.ooo in. the torque must beT= 882 ft-lbf. 
The torque calculated using the 90 percent of proof load recommen-
dation is the value that uses the nut or bolt most efficiently. As 
can be observed for the nozzle gland jam nut this torque will be too 
large to apply. Since the torque requirement of the jam nut will not 
be critical a preload torque of 100 ft-lbf is chosen to fulfill the 
function of the jam nut. 
2. Nozzle Gland Valve 
The nozzle gland valve will have to be tightened to provide a 
minimum interface pressure of 1,760 psi as suggested by the a- ring manu-
facturer. The force due to the poppet bottoming against the valve will 
be cyclic but will aid in decreasing the interface pressure. The axial 
preload must be the sum of the minimum interface force and the poppet 
force. With the equation 
(C.9) 
where 
FI = Interface force, lbf 
AI = Area in contact with the interface pressure, in. 2 
PI = Interface pressure, psi 
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the interface force can be calculated. With AI= 1.34 in. 2 the force 
will be FI = 2,360 lbf. The poppet force can be calculated as the product 
of the poppet face area and the intensifier pressure. This poppet force 
will be Fp = 19,620 lbf. Therefore, the minimum axial preload must be 
Fi = 21,980 lbf. 
The torque coefficient found in Eq. (C.8) must be calculated for the 
1~-16UN-3A thread of the nozzle gland valve, since a previously calculated 
value was not available. The torque coefficient equation for a bolt 
having a collar equal to 1~ times the nominal bolt diameter is( 10) 
K = 
0
m tan~ + ~seca + 0. 625 ~c 20 1 - ~tan~seca (C.10) 
For a jam nut the collar is equal to the nominal bolt diameter and the 
equation is modified to 
K = 0m tan~ + Hseca o 5 20 1 - ~tan~seca + · ~c (C.11) 
where 
om = Mean thread diameter, in. 
~ = Helix angle, degrees 
1J = Coefficient of thread friction 
~c = Coefficient of collar friction 





i .. ·= Lead or pitch for a single threaded bolt, in. 
With i = 1/16 in. and D = m 1.458 in., tamp = 0.01364. 
With a = 30° for all Unified Threads and D = 1.500 in. and 
~ = l.l = .15 (10) the torque coefficient from Eq. (C.11) is K = .166. c 
With K determined the tightening torque from Eq. (C.B) must be 
T = 457 ft-lbf 
Though this value is large it is the minimum preload torque needed to 
inhibit leakage during the compression stroke. 
3. Cavi tx Gland 
The cavity gland must be tightened to provide a minimum interface 
pressure of 1,320 psi during the compression stroke as suggested by 
the 0-ring manufacturer. With AI = .99 in. 2 and PI = 1,320 psi the 
interface force from Eq. (C.9) will be F1 = 1,307 lbf. The cavity 
gland will be in tension during the input stroke due to the poppet 
bottoming on the cavity gland valve. However, it will be in compres-
sion during the compression stroke. This compressive force will aid 
in sealing the cavity fluid and need not be calculated. Since the 
poppet force will be negligible only the interface force will be of 
importance. 
Far a 1 1/8 -12UNF-3A jam nut the torque coefficient from Eq. 
(C.l1) is K = .1667. The minimum preload torque from Eq. (C.8) must 
be T = 24.5 ft-lbf. 
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4. Cavity Gland Valve 
Since the cavity gland valve \'lill have the same thread size and 
material as the nozzle gland jam nut the torque calculation is identi-
cal. The torque for the nozzle gland valve using the 90 percent of 
proof load recommendation must be 
T = 882 ft-lbf 
Since this value is large and the valve torque will not be critical 
a preload torque of 100 ft-lbf is chosen. 
5. Plunger 
The output end of the plunger will be screwed in the nozzle gland 
to provide a minimum interface pressure of 1,320 psi as suggested by 
the 0-ring manufacturer. This corresponds to an axial load from 
Eq. {C.9) of F1 = 1,040 lbf. The axial load exerted by the nozzle 
gland jam nut on the plunger will be FJ = 6,385 lbf. The force exerted 
on the threads by the poppet will be Fp = 19,620 lbf. The sum of F1, 
FJ, and Fp will be the minimum axial preload force that must be applied 
to the plunger output end to insure a minimum interface pressure of 
1,320 psi. This value is Fi = 27,045 lbf. With K = .169 from Eq. 
(C.l1) for a jam nut the minimum preload torque for a l-12UNF-3A 
threaded section from Eq. (C.8) must be 
T = 381 ft-lbf 
6. Plunger Jam Nut 
Since, the plunger jam nut will have a large diameter the 90 
percent of proof load torque does not apply. Also, the preload force 
required in order to have some compression left in the connected 
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members was also prohibitive. Therefore, since the jam nut's function 
will be to lock the plunger in place a 100 ft-lbf tightening torque 
will be adequate. 
7. Tie Rod 
The intensifier tie rods must be tightened to apply a minimum 
interface pressure between the inner and bottom plates and the outer 
cylinder 0-ring surfaces of 4,400 psi as specified by the manufacturer. 
A nut on the left side of the inner plate will separate the tie rod 
into two portions. The torque applied to each portion will be separate. 
The preload applied to the inner and bottom plate tie rod section must 
be greater than the sum of the interface force and the greater of the 
two intensifier stroke forces. From observation of areas the foree 
during the compression stroke will be greatest and will be 
Fe= 500,145 lbf. With the interface area, A1 = 52.8 in.
2 and 
P1 = 4,400 psi the axial interface force will be F1 = 232,000 lbf. 
The total axial preload for the inner and bottom plate t ne rod section 
will be FT = 732,145 lbf. With 23 tie rods the axial preload for each 
rJ 
rod is found to be Fi = 31,832 lbf. For a 3/4-16UN-3B nut the torque 
coefficient is K = .189. With D = .750 in . the preload torque from 
Eq. (C.8) must be 
T = 372 ft-lbf 
The top and inner plate tie rod section will be subjected to the 
equal and opposite compression force of Fe = 500,145 lbf. The preload 
torque that must be applied to each tie rod to help avoid failure by 
fatigue is T = 257 ft-lbf . 
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8. Input Tube Gland 
The input tube gland should be tightened so the leakage past the 
threads is minimal. This value should be quite low. 
B. Manufactured Components 
1. Plunger and Piston Cylinder Hydraulic Seal Retainer Plate 
Bolts 
The ~-20UNF-2A bolts used to clamp the plates are to be made of 
SAE 5 grade bolt material. With the proof load, SP = 85,000 psi and 
the tensile stress area, As= .161 in. 2 the axial preload from Eq. 
(C.7) will be Fi = 12,300 lbf. With K = .195 the preload torque for 
each bolt from Eq. (C.8) should be T = 100 ft-lbf. 
2. Piston Head Socket Head Cap Screws 
The total force exerted on the piston head socket head cap screws 
at the beginning of the return stroke will be a maximum of Fr-= 220,000 
lbf. This corresponds to a force of FTI = 36,700 lbf exerted on each 
screw. Allowing FTI = F. corresponds to a large preload torque· and 
1 
is prohibitive. The next step to consider is the function of the cap 
screws. Since, the cap screws will be out of sight during intensifier 
operation, substantial locking effect will be necessary. Therefore, 
let T = 300 ft-lbf. 
3. Input Tube and Male Connector 
The manufacturer of the input tube and male connector suggest that 
the male connector portion be tightened 1/4 turn past the finger tight 
position. The installation of the tubing is outlined in the Sno-Trik 
Data Sheet No. l. 
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This appendix has dealt with the evaluation of preload torques 
on all major threaded parts used in the intensifier. For convenience 
the torque requirements are listed in Table XII. All torque require-
ment limits are noted in the table. Parts not covered in this 
appendix should be tightened to a torque that is considered reasonable 
for their function. 
TABLE XI I 
INTENSIFIER COMPONENT TORQUE REQUIREMENTS 
TORQUE 
PART TORQUED IN PART REQU IREf~ENT 
(ft-lbf) 
LHHT QUANTITY 
NOZZLE GLAND JAM NUT AGAINST 100 NONE 1 NOZZLE GLAND 
NOZZLE GLAND VALVE IN NOZZLE 457 tUNH1UM 1 GLAND 
CAVITY GLAND IN PISTON HEAD 24.5 MIN U1Ut~ 1 
CAVITY GLAND VALVE IN CAVITY 100 NONE 1 GLAND 
PLUNGER IN NOZZLE GLAND 381 MINH1UM 1 
PLUNGER JAM NUT IN TOP PLATE 100 NONE 1 
TOP AND INNER PLATE TIE 257 
ROD END 
MINH·1Ut~ 23 
INNER AND BOTTOM PLATE TIE 372 t·1 I N I t·1U M 23 
ROD END 
INPUT TUBE GLAND IN TILL LEAKAGE ... 1 
BOTTOt~ PLATE IS ~1IN IMAL 
RETAINER PLATE BOLTS 100 MAXIMUM 16 
PISTON HEAD SOCKET HEAD 
CAP SCREWS IN PISTON 300 NONE 6 
CYLINDER 
MALE CONNECTOR IN PISTON 1/4 TURN PAST ... 1 







Because of limiting factors in size or mass in the design of high 
pressure containment equipment it becomes necessary that accurate 
stress analysis be made. The criteria. used in designing the intensi-
fier will be infinite life and as large a factor of safety as possible 
in each component while permitting efficient use of material. 
A. Machined Components 
1. Nozzle Gland Jam Nut 
The nozzle gland jam nut will be subjected to a 100 ft-lbf torque 
as calculated in Appendix C. Using Eq . (C.8) the axial preload force 
will be 
Fi = 12T/DK = 6,385 lbf 
In this study the failure of a nut or bolt in static compression 
will be determined by its stripping strength. Since the threads will 
be considered to be in pure shear the point of failure will be th~ 
shearing limit of the material. The shearing limit of the material 
will be approximated as .577 of the yield point in tension. The 
shearing stress in the threads is given as the axial force divided by 
the thread shear area. The equation is 
(0.1) 
where 
Ts = Thread shear stress, psi 
FT = Total axial load, lbf 
for internal threads, in. 
2 
ASn = Thread shear area 
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The thread shear area for internal threads is given by( 6) 
AS = Tin L D ( . ) [ -2
1 + 0 • 57 7 3 5 ( D ( . ) - E ( ) ) ] n e s m1n n s m1n n max (0.2) 
where 
n = Number of threads per in. 
Le = Length of engagement, in. 
0s{min) = Minimum major diameter of external thread, in. 
En(max) = Maximum pitch diameter of internal thread, in. 
The length of engagement is the length of threaded unit which will 
develop maximum strength of an assembled threaded unit and is computed 
from the following formula( 6) 
2As 
Le = --------~1--------~------------------
7TnKn(max)[2n + 0· 57735 (Es(min) - Kn(max))] 
(0.3) 
where 
As = Tensile stress area, in. 
2 
Kn(max) = Maximum minor diameter of internal thread, in. 
Es(min) = Minimum pitch diameter of external thread, in. 
The tensile stress area is given by the equation 
(0.4) 
where 
0 =Basic major (nominal) diameter, in. 
with n = 12 and 0 = 1.000 for the nozzle gland jam nut the tensile 
stress area will be A = .663 in. 2. With K ( ) = 0.9198 in. and s n max 
E ( . ) = 0.9415 in. the length of engagement from Eq. (0.3) should 
s m1n 
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be Le = 0.706 in. With Os(min) = 0.9886 in. and En(max) = 0.9516 in. 
the thread shear area from Eq. (0.2) will be ASn = 1.655 in. 2• From 
Eq. (D.l) the shear stress in the threads will beTs= 3,860 psi. 
The theory of failure used in this study for statically loaded 
nuts and bolts will be the maximum energy of distortion theory. This 
theory states(5) that inelastic action at any point in a body under any 
combination of stresses begins only when the strain energy of distor-
tion per unit volume absorbed at the point is equal to the strain 
energy of distortion absorbed per unit volume at any point in a bar 
stressed to the elastic limit under a state of uniaxial stress as 
occurs in a simple tension (or compression) test. For a biaxial state 




ae = Equivalent stress, psi 
o
1
, o2 = Principal stresses, psi 
For a state of pure shear as assumed for a thread, the shear stress, 
Ts• is equal numerically to the principal stresses as determined from 
a Mohr•s circle. Therefore, Ts = o1 = -o2. Eq. (0.5) becomes 
(0.6) 
With Ts = 3,860 psi the equivalent stress will be oe = 6,520 psi. The 
nozzle gland jam nut is to be made of AISI E4340 having a yield point 
of 99,000 psi. From Eq. (0.5) the equivalent failure stress is 
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ae max= 99.000 psi. In loading of ·specimens, stress concentrations 
can develop at discontinuities that can effectively lower the factor 
of safety of the specimen. When a specimen is statically loaded the 
stresses at points of ·stress concentration are relieved in ductile 
material due to localized yielding and stress concentration factors 
need not be employed to determine the factor of safety. ( 10 ) The factor 
of safety can be written as 
(0.7) 
where 
N = Static load factor of safety 
The static load factor of safety for the nozzle gland jam nut will be 
N = 15.2 
which is adequate for the function of the jam nut. 
2. Nozzle Gland Valve 
Since the component of force taken by the nozzle gland valve 
threads will never exceed the axial preload force Eqs. (C.3) and 
(C.4) are valid. As calculated in Appendix C the axial preload will 
be F; = 21,980 lbf. Allowing~= 4Kb(lO) the resultant force 
during the maximum cyclic loading with Ft = 19,620 lbf will be 
Ftb = 25,904 lbf. With n = 16 and D = 1.500 in. for the nozzle gland 
valve the tensile stress area from Eq. (0.4) will be As = 1.628 in.
2
• 




ASs= Thread shear area for external threads, in. 2 
With Kn(max) = 1.4408 in. and E ( . ) = 1.4555 in. the length of s m1n 
engagement from Eq. (0.3) must be Le = .978 in. The thread shear 
area for the nozzle gland valve threads wi 11 be ASs = 3.256 . 2 1n •• 
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From Eq. (0.1) the shear stress in the threads will be T = s 7,950 psi. 
From Eq. (0.6) the equivalent stress during 
is calculated to be cre = 13,800 psi. 
1 
the compression stroke 
The axial preload, Fi' yields a stress of cre = 11,700 psi. 
2 
These two cyclic stresses yield an alternating stress of 1,050 psi 
and a mean stress of 12,750 psi . In determining the life of a 
cyclically loaded threaded specimen the alternating stress range must 
be multiplied by a fatigue-strength reduction factor.( 10) For annealed 
steel with machined threads the reduction factor is, Kf = 2.80. The 
corrected alternating stress will be 2,940 psi. From a constant-life 
fatigue diagram for AISI E4340 alloy steel( 11 ) the expected life of the 
nozzle gland valve was determined to be well into the infinite range. 
3. Cavity Gland 
Though the cavity gland will be cyclically loaded during the 
intensifier cycle the major loading will be compressive and will have 
little effect on failure by fatigue. From Appendix C the axial 
preload force was calculated to be Fi = 1,307 lbf. With n = 12 and 
0 = 1.125 in. for the cavity gland threads the tensile stress area 
from Eq. (0 . 4) will be As = 0. 858 in. 2• With Kn(max) = 1.0488 in. 
and E ( . ) = 1.0664 in. the length of engagement from Eq. (0.3) is s m1n 
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calculated to be Le = .805 in. The thread shear area for external 
threads from Eq. (D.8) will be ASs= 1.716 in. 2• From Eq. (0.1) the 
shear stress will be Ts = 764 psi and Eq. (0.6) yields an equivalent 
stress of oe = 1,322 psi. The cavity gland is to be made of AISI 
4140 hot rolled alloy steel having an equivalent yield strength of 
oe max= 62,000 psi. The static load factor of safety \'lill beN= 46.8 
which will be adequate for the function of the gland. Since, the 
tensile stresses to which the cavity gland will be subjected are so 
low, fatigue failure need not be considered. 
4. Cavitx Gland Valve 
The nut size, material, and torque requirements will be the same 
for the nozzle gland jam nut and the cavity gland valve. The only 
difference will be the external threads of the cavity gland valve. 
The axial preload force will be Fi = 6,385 lbf. The force of the 
poppet bottoming on the valve will be negligible so that the only 
stresses in the cavity gland valve threads will be due to the axial 
preload force. With As= .663 in. 2 as calculated previously the length 
of engagement must be a minimum of Le = 0.706 in. With Kn(max) = 
0.9198 in. and E ( . ) = 0.9415 in. the thread shear area from Eq. s m1n 
(0.8) will be ASs= 1.326 in. 2 and Eq. (0.1) yields a shear stress in 
the threads of Ts = 4,815 psi. From Eq. (0.6) the equivalent stress 
is calculated to be a = 8,340 psi. This yields a static load factor e 
of safety of 
N = 11.86 
which will be adequate for the function of the valve. Also, it can be 
observed that the static load factor of safety for the external cavity 
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gland valve threads will be smaller than the static load factor of 
safety of the internal nozzle gland jam nut threads. This property 
is built into the equations used. As long as the mating parts are to 
be made of the same material it can be assumed the internal threads 
are safe if the external threads are safe as calculated. 
5. Plunger Outeut End Threads 
Both the plunger and nozzle gland will be made of heat treated 
VascoMax 350 cvm maraging steel. Therefore, stress analysis of the 
external plunger threads will be made. The axial preload as calcu-
1 a ted in Appendix C wi 11 be F i = 27,045 1 bf. With '), = 41<b and 
Ft = 19,620 lbf the resultant load carried by the threads during the 
point of maximum cyclic loading will be Ftb = 30,979 lbf. From 
Appendix D the thread shear area for the same size cavity gland valve 
was found to be ASs= 1.326 in. 2• From Eq. {D.l) the shear stress will 
beTs= 23,400 psi. This yields an equivalent stress of oe
1 
= 4a~oo 
psi. The stress in the threads from the axial preload is found to be 
o = 35,400 psi. These two cyclic stresses yield an alternating e2 
stress of 2,550 psi and a mean stress of 37,950 psi. With the fatigue-
strength reduction factor for quenched and drawn steel with machined 
threads being, Kf = 3.8o,{ 10) the corrected alternating stress will be 
9,690 psi. The low alternating stress due to preloading moves the 
life, of the plunger threads well into the infinite range. 
6. Plunger 
The classic thick-walled cylinder theory can be applied to the 
stress analysis of the plunger. The most vulnerable portion of the 
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plunger will have an outside radius of .500 inches. The tangential 
and radial stresses will be a maximum at the inner radius and are 




p1 = Internal pressure, psi 
r2 = Outside radius, in. 
r1 = Inside radius, in. 
With P1 = 10
5 psi, r 2 = .500 in. and r 1 = .125 in. the stresses will 
be cr88 = 113,000 psi and orr= -100,000 psi. The axial stress in the 
plunger ·output portion will be the axial load divided by the cross-
sectional area. With the load being Fz = 4,940 lbf and area 
Az = .737 in. 2, the axial stress will be az = 6,700 psi. The theory 
used to calculate the equivalent stresses is the maximum energy of 
distortion theory. The equivalent stress for a triaxially stressed 
element is given by 
a = e (0.11) 
Each of the calculated stresses will be principle stresses. Letting 
cr
88 
= a1 , orr= o2 , and az = o3 the equivalent stress will be 
a = 184,400 psi. During the return stroke the equivalent stress 
e1 
will be ae = 0 psi. 
a 
The rotating beam fatigue life for VascoMax 300 cvm maraging 
steel is infinite if the fully reversed stress does not exceed a value 
of approximately ±120,000 psi. (12 ) With this information and 
comparing to the infinite life fully reversed stress of VascoMax 
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300 cvm, the infinite life fully reversed stress of VascoMax 350 cvm 
is estimated to be ±140,000 psi. The infinite life fully reversed 
stress is commonly known as the endurance limit and will be 
designated as se. 
To correlate fully reversed stress fatigue limits with zero to 
maximum stress fatigue limits a modified Goodman diagram can be 
applied. (10) An equivalent to a modified Goodman diagram is the 
Soderberg equation< 13 ) 
where 
FS = Factor of safety (relative to infinite life) 
SYP = Yield point stress, psi 
Sav = Average or mean ~tress, psi 
Kf = Fatigue-strength reduction factor 
Sr = Range or alternating stress, psi 
Se = Endurance limit stress, psi 
(0.12) 
With syp = 353,000 psi, sav = 92,000 psi, Kf = 1 for a smooth bar, 
sr = 92,000 psi, and se = 140,000 psi the factor of safety will be 
FS = 1.09. A factor of safety greater than one signifies the life 
of the specimen will be infinite. Though the factor of safety is not 
large the specimen should not fail if the material has no unexpected 
fl avJs. 
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7. Plunger Jam Nut 
From Appendix C the plunger jam nut tightening torque was cal-
culated to be 100 ft-lbf. This corresponds to an axial preload of 
approximately Fi = 1,500 lbf. The cyclic force exerted on the jam 
nut during the compression stroke will be a force of Ft = 419,000 
lbf. With ~ = 4Kb the resultant load carried by the connected 
members from Eq. (C.4) will be Ftm = +333,700 lbf. The positive force 
represents the separation of the connected members. Therefore, the 
plunger jam nut threads will take the total of the external load and 
the axial preload. The sum of these forces will be FT = 420,500 lbf. 
With n = 8 and 0 = 4.0 in. the tensile stress area from Eq. (0.4) will 
be As= 11.85 in.
2
. With Kn(max) = 3.865 in. and Es(min) = 3.9120 in. 
the length of engagement from Eq. (0.3) should be Le = 2.72 in. The 
thread shear area for the plunger jam nut threads from Eq. (0.8) is 
calculated to be ASs= 23.70 in. 2. From Eq. (0.1) the shear stress 
in the threads during the compressirin stroke will b~ Ts1 = 17,730 psi 
an~ Eq. (0~6) yields an equivalent stress of cre1 = 30,650 psi. The 
shear stress during the intensifier intake stroke will be 
Ts
2 
= F;/ASs = 63.5 psi which yields an equivalent stress of 
ae
2 
= 110 psi. These two cyclic stresses yield an alternating stress 
of 15,270 psi and a mean stress of 15,380 psi. With Kf = 2.80 the 
corrected alternating stress will be 42,756 psi. It is found from 
a constant-life fatigue diagram of AISI 4140( 11 ) that the number of 
cycles the plunger jam nut can endure before failure is well into the 
infinite range. 
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B. Intensifier Tie Rods 
The tie rods will be separated into two sections by nuts placed 
on the left side of the inner plate as shown in Fig. A.1. The inner 
and bottom plate section will be subjected to the highest force as 
noted in Appendix C. Each section will be preloaded to avoid failure 
by fatigue. The axial preload force on the inner and bottom plate 
tie rod section was calculated to be Fi = 31,832 lbf. The cyclic force 
exerted on the tie rod during the compression stroke will be 
Ft = 21,800 lbf. From Eq. (C.3) with ~ = 4Kb the resultant load 
carried by the tie rod will be Ftb = 36,192 lbf. 
It is desirable, where possible to design a threaded fastener so 
that failure under tensile load will occur by fracture across the core 
of the bolt, rather than by stripping the threads on the nut or 
bolt.< 6) For failure across the core of the bolt, the tensile stress 
should be computed as the total axial force divided by the tensile 
stress area and is given by 
(0.13) 
where 
a = Tensile stress, psi 
s 
With As = .373 in. 2 for a 3/4-16UNF-2A bolt the tensile stress in the 
bolt during the compression stroke from Eq. (0.13) will be 
0 s1 = 97,200 psi. The stress 
during the intake stroke is due only 
the axial preload and will be as 2 = 85,500 psi. These two cyclic 
stresses yield an alternating stress of 5,850 psi and a mean stress 
of 91,350 psi. The endurance limit stress in Eq. (0.12) can be 







Sut = Ultimate tensile strength, psi 
The ultimate tensile strength for heat treated AISI E4340 is 
182,000 psi. The estimated endurance limit stress from Eq. (0.14) 
will be Se = 91,000 psi. With Kf = 3.80 for quenched and drawn 
steel with machined threads and SYP = 162,000 psi for heat 
treated AISI E4340 alloy steel and Sav = 91,350 psi, Sr = 5,850 psi 
and Se = 91,000 psi the factor of safety from Eq. (0.12) will be 
FS = 1.24 
The low alternating stress due to preloading the tie rod section 
yields an acceptable factor of safety. 
Since the preload on the top and inner plate section of the tie 
rods is less than that applied to the inner and bottom section the 
factor of safety need not be calculated for the remaining section. 
Being preloaded in a similar manner infinite life of the top and 
inner plate section can be assumed. 
9. Outer Cylinder 
The outer cylinder is to be made of AISI 4142-H rotary forged 
tubing having a yield point of 70,000 psi. Since, the wall thickness 
of the cylinder is greater than 1/10th the radius, the cylinder will 




= 5.000 in. and r 1 = 4.000 in. the tangential and radial stresses 
from Eqs. (0.9) and (0.10) will be respectively cr88 = 45,600 psi and 
a = -10,000 psi. During the compression stroke the total axial 
rr 
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force on the outer cylinder will be F1 = -232,000 lbf. ~~ith the cross-
sectional area being Ac = 26.4 in. 2 the stress will be az = -8,800 psi. 
From Eq. (0.11) the equivalent uniaxial stress will be ae = 57,600 psi. 
1 
The equivalent stress during the return stroke will be ae = 0 psi. 
2 
These cyclic stresses yield an alternating and mean stress of 
28,800 psi. From a constant-life fatigue diagram( 11 ) of an equivalent 
metal the number of cycles the outer cylinder can endure before 
failure is in the infinite range. 
10. Piston Cylinder 
From the computer program in Appendix B the average tangential 
stress in the cylinder will be a88 = 126,205 psi and the radial stress 
will be orr= -100,000 psi. With no axial stress during the compres-
sion stroke the equivalent uniaxial stress from Eq. (0.11) will be 




= 0 psi. With SYP = 353,000 psi, Sav = 98,100 psi, 
Kf= 1 for a smooth bar, Sr = 98,100 psi, and Se = 140,000 psi the 
factor of safety related to infinite life will be FS = 1.02. This 
factor of safety corresponds to infinite life for the piston cylinder. 
It should be mentioned at this point that though the modified Goodman 
diagram and the Soderberg equation, Eq. (0.12), are conservative 
approximations of infinite life some safety precautions such as a 
barrier between the operator and the intensifier should be applied. 
B. Manufactured Comeonents 
1. Retainer Plate Bolt 
The ~-20UNF-2A SAE 5 grade bolts used to clamp the retainer 
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plates in position will be in tension after the tightening torque has 
been applied . . From Appendix C the preload force will be F. = 12,300 
1 
lbf. With As= .161 in. 2 the tensile stress in the bolts from 
Eq. (0.13) will be as= 76,500 psi. With de max= 99,000 psi for 
SAE 5 grade bolt material( 6) the static load factor of safety will be 
N = 1.295 
Though the factor of safety will not be large the bolts should not 
fail unless they fail during tightening. 
2. Piston Head Socket Head Cap Screw 
The 1-8UNC-3A SAE 8 grade socket head cap screws are to each be 
preloaded to a 300 ft-lbf torque as calculated in Appendix C. This 
corresponds to a preload force of Fi = 18,650 lbf. Should the piston 
cylinder freeze during the return stroke each cap screw will be 
subjected to an external load of Ft = 36,700 lbf. With Km = 4Kb (10) 
the resultant load taken by the connected members is calculated to be 
from Eq. (C.4) Ftm = +10,710 lbf. The positive force signifies 
separation of the connected members. This means the screw carries 
the sum of the preload and the sta~tc · ext,cnal force which will be 
FT = 55,350 lbf. From Eq. (0.13) for failure across the core of the 
bolt with A = .606 in. 2 the tensile stress will be a = 91,400 psi. 
s s 
With cre max= 130,000 psi for SAE 8 grade bolt material(G) the static 
load factor of safety will be 
N = 1.42 
This appendix has dealt with the evaluation of the factor of 
safety of the major components of the intensifier. The factors of 
safety are summarized in Table XIII. 
TABLE XIII 
SUMMARY OF INTENSIFIER STRESS ANALYSIS 
ITEM 
Nozzle Gland Jam Nut Threads 
Nozzle Gland Valve Threads 
Cavity Gland Threads 
Cavity Gland Valve Threads 
Plunger Output End Threads 
Plunger 
Plunger Jam Nut Threads 
Intensifier Tie Rod Threads 
Outer Cylinder 
Piston Cylinder 
Retainer Plate Bolt Threads 
Piston Head Socket Head Cap Screw 
FACTOR OF SAFETY 
N = 15.2 
Infinite Life 
N = 46.8 
N = 11.86 
Infinite Life 
FS = 1. 09 
Infinite Life 
FS = 1.24 
Infinite Life 
FS = 1. 02 
N = 1.295 
N = 1. 42 
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